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Chapter 1 
 
General Introduction 
 
“Defects” in carbon materials play an important role on their physical and 
chemical properties. Presence of functional groups, vacancies, finite size of crystal 
are possible defects in carbon materials. Before the discovery of fullerene C60 [1], 
graphite and diamond had been known as carbon allotropes. Ideal graphite consists 
of the stacking structure of hexagonal carbon networks. On the other hand, the C60 
molecule consists of 20 hexagons and 12 pentagons (Fig. 1.1). The C60 molecule has 
the truncated icosahedral symmetry, and one could find similar structure in a 
football (or soccerball). As clearly seen in Fig. 1.1, the C60 molecule is closed in itself. 
It indicates that the existence of pentagon in hexagonal network leads to the curved 
structure of graphitic carbon materials.  “Curvature” due to the presence of 
non-hexagonal structure is considered to be associated with defects which are  
known as topological defects. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1: Schematic of a fullerene C60 molecule. 
One of the 12 pentagons is seen in the center 
of the molecule.  
 2
pentagon 
heptagon 
Fig. 1.2: Schematic of “neck” structure of carbon nanotube.  
The pentagon and the heptagon are highlighted by the arrows. 
“Ideal” carbon nanotube is made of hexagonal lattice. Theoretical works predicted 
many promising properties of “ideal” carbon nanotube. One of the important 
properties is its characteristic electronic property. A carbon nanotube can be 
metallic or semiconducting, depending on the way a single graphite sheet is folded 
[2-4]. However, carbon nanotubes are not probably as perfect as it is though to be. 
Carbon nanotube usually requires the purification because the as-produced sample 
contains a lot of impurities (e. g. amorphous carbon, metal catalyst). Defects could 
be produced during the purification process, or even in its generation process [5, 6]. 
Carbon nanotubes exhibit the diverse nanostructures stem from the presence of 
topological defects. For instance, “cap” and “neck” structures were observed by 
transmission electron microscopy [7, 8]. The former case is similar to the structure 
of C60. According to Euler’s theorem [9], the closed-structure requires the presence 
of 6 pentagons for each end of carbon nanotube. In order to explain the neck 
structure, pentagon and heptagon have to be introduced in hexagonal network (Fig. 
1.2). More complicated tubular structure of carbon material is single-wall carbon 
nanohorn [10]. It consists of spherical particle, and has nearly conical structures 
with caps at edge regions of the particle. Applying the preceding idea shown in Fig. 
1.2, the non-hexagonal structures could exist in cone-like shapes for satisfying the 
seamless carbon networks. The state-of-the-art high resolution transmission 
electron microscopy have revealed the presence of the topological defects in 
single-wall carbon nanotube, single-wall carbon nanohorn [11], and single graphite 
layer [12].  
The presence of the topological defects should affect the vibrational properties of 
the lattices because of the change of symmetry from “ideal” structure at local 
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structures. Inelastic electron tunneling spectroscopy study has revealed the 
vibrational mode of the cap of single-wall carbon nanotube [13]. This vibrational 
mode is related to the vibrational mode observed in C60, which is known as radial 
breathing mode. The vibration toward the radial direction (this mode is also called 
radial breathing mode) is also observed in carbon nanotube, and it is sensitively 
detected by Raman spectroscopy. However, the radial breathing mode of the cap is 
not discussed in studies on Raman spectroscopy of carbon nanotube. Though 
single-wall carbon nanohorn has many cap structures, the radial breathing mode of 
the cap is not observed by normal Raman measurement.  
Surface-enhanced Raman scattering is one of possible techniques to detect the 
local vibrational mode related to the defects of carbon materials. It is a powerful 
technique to provide a spectrum intensity enhanced by orders of magnitude. Due to 
the large enhancement factor (the order of 1010), it can achieve observation of single 
molecule level [14]. Fundamental aspects of the phenomenon are still under 
investigation, however, it is useful technique to clarify the vibrational nature of the 
carbon nanostructures. 
In these contexts, the main subject of this thesis is to understand the local 
vibrational nature of carbon nanotubes and single-wall carbon nanohorn by 
applying surface-enhanced Raman scattering technique. Fairly different spectra 
compared to the spectra obtained by usual measurements will be shown. The aim of 
the present work is concentrated on how these peaks can be assigned to the 
characteristic vibrational modes.  
In chapter 2, the overview of carbon materials used in this study is described. The 
concept of structural classification, characteristic properties, and the synthesis 
methods of carbon nanotube are briefly introduced. The concept of the topological 
defects is also described. 
In chapter 3, the characterization methods are described. The basic theory of 
normal Raman scattering, resonance Raman scattering, and surface-enhanced 
Raman scattering are introduced. It is necessary to show the concept of resonance 
Raman scattering because it plays an important role to understand the Raman 
spectrum of carbon nanotube. Adsorption method is a powerful technique to 
characterize the porosity (having caps or not) and the aggregating structure of 
carbon nanotubes. Basic theory and analysis methods for characterizing gas 
adsorption isotherm are introduced.  
In chapter 4, the Raman spectra of graphite, diamond, C60, carbon nanotubes, 
single-wall carbon nanohorn, and other nanocarbon materials are described. 
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General assignments to the characteristic vibrational modes for each carbon 
materials are introduced. The Raman peak known as D-band is usually attributed 
to the “defects” of carbon materials. Band assignment of D-band is given here. 
In chapter 5, the characterization of single-wall carbon nanotube produced by 
“super growth” method is described. Recent development of the synthesis method of 
single-wall carbon nanotube enable to make sample with less impurities and high 
yield efficiency. This method is known as “super growth” method [15]. The as-grown 
product shows the unique aggregative structure due to its growth process. Detail 
analyses of nitrogen adsorption isotherms are described. The ideal geometrical 
surface area and pore volume of single-wall carbon nanotube are estimated, and 
compared with the experimental values. The existence of cap structure and the 
aggregative structure are discussed. 
In chapter 6, the characterization of single-wall carbon nanohorn by 
surface-enhanced Raman scattering is described. This result has already reported 
in the paper [16]. As previously mentioned, having many topological defects is 
expected from its unique structure. The fine peaks, which were not observed in 
normal Raman spectra, were obtained by applying surface-enhanced Raman 
scattering. With the aid of the theoretical works, we tried to associate these fine 
peaks with the local vibrational modes stem from the topological defects.   
In chapter 7, the characterization of the carbon nanotubes by surface-enhanced 
Raman scattering is described. In this study, the specimens produced by four 
different methods were used for single-wall carbon nanotube (including “super 
growth” method). Two types of single-wall carbon nanotubes are known as high 
crystallinity specimens. On the other hands, the others are less crystallinity 
specimens. Here, “crystallinity” indicates both perfectness of graphitic wall and 
ordinality of single-wall carbon nanotubes array. Spectrum difference and similarity 
between high and less crystallinity specimens is discussed. Surface-enhanced 
Raman scattering was also carried out for the double-wall and three to five–wall 
carbon nanotubes for comparison. These multi-wall carbon nanotubes are good 
specimens to examine the defectiveness as seen in the case of single-wall carbon 
nanotubes. The obtained spectra by surface-enhanced Raman scattering are 
discussed in the same way conducting for carbon nanohorns. 
Finally, in chapter 8, the conclusion of this thesis is summarized.    
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Chapter 2 
 
Nanocarbon Materials 
 
2.1 Carbon nanotubes 
 
A carbon nanotube is a concentric graphitic cylinder. Its diameter is of nanometer 
order, and the length is usually of micrometer order or more (so far, millimeter order 
can be achieved). Single layer of graphite is referred to as graphene. Rolled-up 
structure of a graphene is a single-wall carbon nanotube. The nested cylindrical 
structure can be also made up. It is referred to as a multi-wall carbon nanotube. 
These carbon nanotube samples usually aggregate each other, and construct 
“ropes” or “bundles”. Basic concepts of the geometrical structures and the 
accompanying electronic structures of free-standing single-wall carbon nanotubes 
are introduced, because it is important to interpret Raman spectra of carbon 
nanotubes with their electronic properties. General information of carbon nanotube 
materials is also given. 
 
2.1.1 Single-wall carbon nanotubes  
Geometrical structure  A single-wall carbon nanotube (SWCNT) is a 
cylindrical graphene sheet.  Depending on how a graphene layer is rolled up, 
SWCNT can be classified into three types of geometrical structure, that is, zigzag, 
armchair, and chiral nanotubes (Fig. 2.1). By considering the unrolled hexagonal 
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lattice of SWCNT with four crystallographically equivalent points, O, A, B, and B’, a 
tube can be constructed by coinciding with the point O and A, B and B’, respectively 
(Fig. 2.2). The direction of the vector OA is perpendicular to the tube axis, and the 
direction of the vector OB is parallel to the tube axis. The vector OA defines the 
chiral vector Ch. Ch can be expressed by the real space unit vectors a1 and a2 with 
two integers n and m: 
 
),(21 mnmnh ≡+= aaC , (n, m : integers, 0≤|m|≤n).     (2.1) 
 
The notation (n, m) is called chirality. The angle between Ch and a1 defines the chiral 
angle θ, with values ofθ in the range 0≤|θ|≤30°. When m=n (Ch=(n, n), θ=30°), a 
(n, n) nanotube corresponds to an armchair nanotube, and when m=0 (Ch=(n, 0), θ
=0°), a (n, 0) nanotube correspondes to a zigzag nanotube. The other tubes 
correspond to chiral nanotubes (Ch=(n, m), 0<|θ|<30°). The vector OB defines the 
translational vector T, which is the unit vector of a one dimensional carbon 
nanotube. T can be expressed by the real space unit vectors a1 and a2 with two 
integers t1 and t2 
 
2211 aaT tt += ,  (t1, t2 : integers).         (2.2) 
Fig. 2.1: Three types of single-wall carbon nanotubes. (a) armchair, (b) 
zigzag, and (c) chiral nanotubes. The shapes of cross section are also shown 
in the right side of each nanotube. For chiral nanotubes, cross section can 
be represented as mixture of armchair (cis-type) and zigzag (trans-type). 
Mixture 
(a) 
(b) 
(c) 
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Fig. 2.2: The unrolled hexagonal lattice of a carbon nanotube. OA and 
OB define the chiral vector Ch and the translational vector T of the 
nanotube, respectively. Ch=4a1+2a2=(4, 2) is shown in the figure. 
Once the chirality (n, m) of the nanotube is chosen, the geometrical parameters, 
that is, the chiral angle θ, the length of circumference L, the diameter dt, the length 
of the translational vector T, and the number of hexagons in a unit cell of the 
nanotube N, can be determined as follows [17]. 
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d t = ,            (2.5) 
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nmmn
N
)(2 22 ++
= ,          (2.7) 
 
where a and dR are the length of unit vector a1 (or a2) and the greatest common 
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divisor of the two integers n and m, respectively. The distance between the 
nearest-neighbor carbon atoms aC-C is 1.44 Å for carbon nanotube [17]. a can be 
calculated as a = 3 aC-C = 2.49 Å for a two dimentional graphene sheet. Applying Eq. 
(2.4)-(2.7), ideal surface area and pore volume can be calculated for free-standing 
SWCNTs and bundled SWCNTSs. The calculated surface areas and the pore 
volumes will be shown in Chapter 5. 
 
Electronic structure  The electronic structure of a SWCNT can be either metallic 
or semiconducting. As previously stated, geometrical structure of a SWCNT can be 
determined by its chirality (n, m). The electronic structure of a SWCNT is sensitive to 
its chirality. At the beginning, the electronic structure of two-dimensional graphite 
is briefly introduced. 
Starting with a tight-binding calculation for the π-electrons of two-dimensional 
graphite, the energy dispersion relations )(2 kDgE can be expressed as [17]: 
 
)(1
)(
)(
2
2
k
k
k
ω
ωε
s
t
E
p
Dg
±
±
= ,          (2.8) 
2
cos4
2
cos
2
3
cos41)( 2
akakak yyx ++=kω  ,       (2.9) 
 
where k , ε2p, t, s are the wave vector, the orbital energy of the 2pz level, the transfer 
integral, and the overlap integral, respectively. the plus (+) and minus (-) signs in Eq. 
(2.8) indicate the bonding π energy band and anti-bonding π＊ band. 
The energy dispersion relations of two-dimensional graphite are shown in Fig. 2.3. 
The parameters ε2p = 0, t = -3.033 eV, and s = 0.129 are used for the calculations 
[17]. The high symmetry points, that is, a center of a hexagon, an apex of a hexagon, 
and a center of an edge are called Г, K, and M point, respectively (Fig. 2.3(a)). The 
lower half of the energy dispersion curves (π band) and the upper half (π＊ band) are 
degenerated at the K points (Fig. 2.3(b)). Since the Fermi energy is zero at the K 
points, two-dimensional graphite is a zero-gap semiconductor.  
The electronic structure of a SWCNT can be obtained by Eq. (2.8) and (2.9) with 
periodic boundary conditions in the circumferential direction of a nanotube. For a 
simple approximation, s = 0 is used for the calculation of the energy dispersion 
relations of a SWCNT. In general, periodic boundary condition is given by [17]: 
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Fig. 2.3: The energy dispersion relations of two-dimensional graphite. (a)  the 
two-dimensional contour plot for π band and (b) the three-dimensional plots 
for π and π＊ bands. 
 
 
qh π2=⋅kC ,  (q : integer)       (2.10) 
 
where Ch and k are the chiral vector and the wave vector, respectively. Then Eq. 
(2.10) can be expressed as: 
 
qak
n
mk
an
yxh π2)
2
(
2
3
=++=⋅kC , (n, m : integers)     (2.11) 
 
where n and m are chiral indices, a, kx, and ky are the length of unit vector a, that of 
the wave vector of x and y directions, respectively. Substitution of kx (or ky) in Eq. 
(2.11) into Eq. (2.8) and (2.9) with s = 0, the one-dimensional energy dispersion 
relations of a (n, m) SWCNT can be expressed as1: 
 
)
2
(cos4)
2
22
cos()
2
cos(41)( 22
ka
ka
n
nm
n
qka
tkE pq +
+
−+±=
π
ε .    (2.12) 
 
The energy dispersion relations and the electronic density of states (DOS) of the 
zigzag (9, 0) and (10, 0) SWCNTs are shown in Fig. 2.4. The parameterε2p = 0 are 
used, and the calculated energies are normalized by |t|. As can be seen in Fig. 2.4 
 
1Eq. (2.12) is a general expression for energy dispersion relations of SWCNT, however, the (→)  
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(a), the energy dispersion relation for the (9, 0) SWCNT does not show energy gap at 
Γ point, whereas the (10, 0) SWCNT shows an energy gap. It can also be confirmed 
by the DOS that the DOS of (9, 0) SWCNT has the non-zero value near the Fermi 
level located t E = 0, whereas (10, 0) SWCNT has the value of zero. It indicates that (9, 
0) SWCNT shows metallic behavior and semiconducting behavior for (10, 0) SWCNT.   
 
(→) phase should be corrected to obtain the relations shown in Fig. 2.4. The k value at Γ point 
depends on the integer q, that is, the k = 0 point does not always indicate the Γ point. The phase 
problem can be solved by applying the following periodic boundary conditions:  
(q : integer) for armchair nanotube, and  (q : integer) for zigzag nanotube [17]. It 
should be noted that the phase is not necessary for the calculation of the DOS. 
 
qaqykn π2,3 =
qaqxkn π2,3 =
(a) 
(b) 
Fig. 2.4: One-dimensional energy dispersion relations (left) and erectronic 
density of states (right) for (a) (9, 0) SWCNT and (b) (10, 0) SWCNT. Γ
indicates the point at k = 0. X indicates k = ±π/a and k = ±π/ 3 a for 
armchair and zigzag nanotubes, respectively. Electronic density of states 
(DOS) for valence bands are highlighted by shadows. Eii indicates electronic 
transitions energies (E44 is shown in (a)). 
Eii 
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In general, electronic properties of a SWCNT can be determined by chiral indices n 
and m [17]: 
 
=−mn  multiple number of 3,   (metallic2) 
≠−mn  multiple number of 3.   (semiconductor) 
 
The DOS of a SWCNT is characterized by van Hove singularities (vHSs). The 
electronic transition energy between vHSs in the valence and conduction bands Eii 
plays an important role especially for Raman measurements of carbon nanotubes. 
Since some of the Eii near the Fermi level is around the energy range of visible light, 
resonance Raman scattering occurs3. Raman scattering intensities are enhanced by 
a factor of 103-105 under a resonance condition [18]. This makes possible to 
determine whether a carbon nanotube sample are metallic or semiconducting by 
Raman measurements. Furthermore, it is possible to determine the particular 
chilarity (n, m) of a carbon nanotube with detail analysis of Raman spectra. 
Mechanism of resonance Raman scattering and analysis methods of carbon 
nanotubes by Raman measurements will be shown in Chapter 3 and 4, respectively.     
 
Single-wall carbon nanotube materials In order to produce SWCNTs, 
metal catalysts are required in addition to a carbon source. The methods to produce 
SWCNTs can be classified into three types: the arc discharge method, the chemical 
vapour deposition method, and the laser ablation methods. Fe, Co, Ni (or their 
mixtures) are usually used as the metal catalysts. Depending on the synthesis 
methods, carbon source is chosen. The high purity graphite is used for the arc 
discharge method and the laser ablation method. Hydrocarbons (e.g., CH4, C6H6) or 
alcohols are usually used for the chemical vapour deposition method. Brief 
summary of the synthesis methods are shown in Table 2.1 [5].  
The as-produced SWCNT materials contain a lot of impurities. The main 
impurities are amorphous carbon, metal catalysts and other carbon materials (e.g., 
C60, graphite). It is possible to reduce these impurities by the purification process. 
Oxidation (combustion) and acid treatments are usually used to reduce amorphous 
carbon and metal catalysts, respectively. However, SWCNT materials also suffer by
  
2The armchair nanotubes are the zero-gap semiconductor. It is called metallic because the DOS at 
the Fermi level has a finite value [17]. 
3For Raman measurements, visible lights are usually used for excitations.   
(2.13) 
 12
Table 2.1: Brief summary of the synthesis methods of SWCNT [5]. 
Method Arc discharge 
Chemical vapour 
deposition 
Laser ablation 
Procedure 
Connect two graphite rods 
to a power supply, place 
them a few millimeters 
apart. At 100 A, carbon 
vaporises and forms a hot 
plasma. 
Place substrate in oven, 
heat to ～600℃, and add a 
carbon-bearing gas. As gas 
decomposes frees up carbon 
atoms. 
Blast graphite with 
intense laser pulses to 
generate carbon 
vapours 
Typical yield 30 - 90% 20 - 100% ～70% 
Length and 
diameter 
Short tubes with diameters 
of 0.6 - 1.4 nm 
Long tubes with diameters 
of 0.6 - 4 nm 
Long tubes with 
diameters of 1 - 2nm 
 
these techniques. It should be noticed that the fuctional groups (e.g., -OH, -COOH) 
are contained in the purified materials [19-21].  
The SWCNTs have been confirmed experimentally by transmission electron 
microscopy (TEM). The TEM image of the purified SWCNT produced by the arc 
discharge method is shown in Fig. 2.5. SWCNTs are aggregated each other, and 
form “bundle” structures. Since the bundled SWCNTs are tightly aggregated, 
ultrasonication treatment is required to ravel the bundled SWCNT. Ultrasonication 
treatment is usually carried out with organic solvents (e.g., trichloroethylene). 
Less-bundled or even in free-standing SWCNTs can be obtained by careful aliquot of 
a solvent disperseing SWCNTs or adding surfactants to form micelles [22].     
Fig. 2.5: TEM image of the purified SWCNTs produced by CVD method. The 
SWCNTs form the bundled structures. The metal catalyst are also observed 
(black arrows),    
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One of the problems for SWCNT materials is the presence of metal catalysts, 
however, recent developments of the synthesis methods allow production of the 
SWCNT materials with very low contents of the metal catalyst. The promising 
synthesis method is known as super–growth method4 [15, 23]. The nano particle 
including Fe is used as the catalyst, and spreads it onto the substrate. Then the 
substrate with the catalyst is heated up at 750℃ with a C2H4 gas for carbon source, 
He for carrier gas, and small concentration of water vapour (100 – 150 ppm). The 
as-produced SWCNT samples are easily removable from the substrate, and the 
substrate shows catalytic activity after removal of the SWCNTs. It indicates that the 
metal catalysts are still attached to the substrate. Therefore, the SWCNTs samples 
contain a less amount of the metal catalysts. Not only the reusability of the 
substrate, but also high efficiency of the production during a growth process are 
available for this method. Since amorphous carbon is also produced with SWCNTs 
during the reaction process, it coats the catalyst and prevents the production of 
SWCNTs. The high efficiency comes from the presence of vapour of water. Water 
acts as a weak oxidizer, and it removes amorphous carbon. Due to the 
characteristic synthesis method, the SWCNTs produced by super-growth method 
show unique assemble structure. The characterization of super-growth SWCNTs by 
N2 adsorption isotherms will be discussed in Chapter 5.   
 
2.1.2 Multi-wall carbon nanotubes 
A multi-wall carbon nanotube (MWCNT) is a nested structure of SWCNTs. The 
TEM image of triple-wall carbon nanotubes and its schematic image are shown in 
Fig. 2.6 (a) and (b), respectively. It can be extended the ideas of geometrical and 
electronic properties of a SWCNT to those of MWCNTs. Therefore, it is possible to 
produce, for example, a double-wall carbon nanotube (DWCNT) with a metallic 
SWCNT for inner tube and a semiconducting SWCNT for outer tube, and vice versa. 
These configurations are expected to possess characteristic electronic properties 
[24].  
Interlayer distance of MWCNTs is usually 3.45 Å [25], and it is slightly larger 
than that of graphite (3.35 Å). It comes from the fact similar to turbostratic 
graphite. It is difficult to produce compatible (n, m) SWCNTs simultaneously. 
Therefore, inner tubes cannot maintain perfect ABAB stacking as in graphite [26]. 
 
4Super-growth method is a sort of CVD method.    
 14
Interestingly, the interlayer distance of DWCNTs has been reported as 3.6 – 4.0 Å 
[27, 28] or 3.1 – 3.3 Å [24]. In the rare case of DWCNTs observed by TEM, the 
diameter of the outer tube is twice as large as that of the inner tube, and the inner 
tube is adjacent to the one side of the inner wall of the outer tube. Interaction 
between intertubes of a MWCNT is complicated. The presence of the topological 
defects make circumstances much more difficult. Atomic-scaled correlation should 
be taken into account for understanding this phenomenon.  
MWCNTs are produced by the method similar to those of SWCNTs. However, laser 
ablation method is rarely used for synthesis of MWCNTs. Careful selection of 
synthesis conditions make possible to control products whether SWCNTs or 
MWCNTs. Applying the arc discharge method, MWCNTs can be produced without 
metal catalysts. For DWCNTs, it can be selectively produced with the aid of metal 
catalysts by both arc discharge and CVD methods [27, 30, 31]. 
 
2.2 Single-wall carbon nanohorns 
 
A single-wall carbon nanohorn (SWCNH) is a nearly spherical particle (Fig. 2.7(a)) 
[10]. Diameter of a particle is 80 – 100 nm. A magnified TEM image of the edge 
region of the particle is shown in Fig. 2.7(b). Tubular structure with closed end can 
be observed (the name single-wall carbon nanohorn is derived from this structure). 
Diameter of the tube is 2 – 5 nm and its length is 30 – 50 nm. A SWCNH is an 
aggregate of these tubular structures. This type of SWCNH is called “dahlia-type” 
SWCNH, because it resemble a dahlia flower. There is another type of SWCNH 
known as “bud-type” SWCNH [32]. Bud-type SWCNH does not show the protruded 
Fig. 2.6: (a) TEM image of MWCNTs (three-layered) and (b) the schematic of a 
triple-wall carbon nanotube (viewing from the cross section of tubes). 
(a) (b) 
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tubule structures at the edge of the particle. Since SWCNHs do not show the 
characteristic features observed in SWCNTs, classification of SWCNH into SWCNT 
is controversial problem. When SWCNH is focused attention on its tubular 
structures, it can be observed that each tube is highly distorted. It indicates that 
individual tubes in SWCNH are defective SWCNTs with abundant topological defects. 
In this thesis, SWCNH is stood for a sort of highly defective SWCNT. It will be 
demonstrated that dahlia-type SWCNH and defective SWCNTs are fairly similar to 
each other in respect to the vibrational aspect at local structures. The detail results 
will be given in Chapter 6 and 7. 
The cap structures of SWCNH are complicated. A observed cone angle is usually 
about 20º [10]. In order to satisfy this angle, five pentagons are required to 
introduce in hexagonal network. The complication comes from the concept that 
each pentagon is possible to locate in different configurations [33]. It should be 
noted that the number of pentagons depends on the cone angle, larger angle 
requires less number of pentagons [34]. 
A SWCNH is produced by the CO2 laser ablation method without any metal 
catalysts [10, 32]. Pure graphite is used as carbon source. When the synthesis is 
conducted under Ar gas flow at 760 Torr, dahlia-type SWCNHs are mainly produced 
with high purity (95%) and high efficiency (10 g h-1). The product includes bud-type 
SWCNH and amorphous carbon for impurities. In the case of other inert gases such 
as He and N2, bud-type SWCNHs are mainly produced with amorphous carbon. 
Pressure of the inert gases is also the factor of the production for the aimed SWCNH 
structures. For example, no more dahlia-type SWCNHs are produced under Ar gas 
at 300 Torr [32].  
(a) (b) 
Fig. 2.7: TEM image of (a) dahlia-type SWCNHs and (b) its edge region. 
Conical structures with closed-caps are observed in the edge region. 
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2.3 Defective structures 
 
Carbon materials are probably not so perfect as considered to be. Presence of 
heteroatoms, functional groups and vacancy are possible point defects in graphitic 
materials. Carbon atoms in graphite can be located in interstitial position of 
interlayer between graphenes [35-37]. This type of defect has been observed by TEM 
for DWCNTs [38]. For line defect, dislocation can be observed in graphite [35, 39]. 
Surface, grain boundary and stacking fault are the examples of plane defect. In this 
thesis, surface is not referred to defects because all carbon atoms constructing 
SWCNT and SWCNH can be regarded as surface atom.  
Recently, another type of defects known as topological defects has been paid 
attention. If energetic stability is not taken into account, the sheet with honeycomb 
structure such as graphene can be bent without any defects. An ideal carbon 
nanotube is the case generated by the curved graphene. It is obvious that a carbon 
nanotube can retain the hexagonal network under distortion of graphene. The 
things are different in the case of the tube structure. Non- hexagonal structures are 
required to generate seamless bent-tubes. This is called topological defects. Starting 
with Euler’s theorem, which defines the geometrical properties of polyhedra, the 
relationship between vertices, edges, and faces can be expressed as [40]: 
 
2=+− fev ,          (2.14)  
 
where v, e, and f indicate the numbers of vertices, edges and faces, respectively. 
Applying the concept of topology to Euler’s theorem, sp2 bonded carbon atoms obey 
the following relation [41-45]: 
 
)1(1222 8754 gNNNN −=−−+ ,       (2.15) 
 
where Ni and g indicate the numbers of i-member rings and the gunus of the 
structure which refers to the complexity of the arrangement (e.g., g = 0 for a sphere5, 
g = 1 for a torus). N6 is not present in Eq. (2.15) because hexagons do not contribute 
to the curvature. Since fullerenes are topologically same as a sphere, C60 has twelve 
      
5According to the concept of topology, a sphere is topologically identical to a square. If a square(→)     
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pentagons and no squares, heptagons and octagons. Larger fullerenes (e.g., C960) 
can be made up with adding more hexagons to C60. However, giant fullerenes are 
not spherical, and much more faceted. There is an experimental evidence of 
quasi-spherical onion-like structure [47]. Introducing heptagons with additional 
pentagons is one possible idea to construct a quasi-spherical giant fullerene [41].  
Planer graphene is constructed from hexagonal network. It is possible to maintain 
the planer structure with the presence of specific arrangement of pentagon and 
heptagon pairs. This type of topological defect is known as Stone-Wales defect6 (Fig. 
2.8) [48]. Stone-Wales defect was experimentally observed in high resolution TEM 
[12]. The rearrangements of the pentagon-heptagon pairs are also observed under 
irradiation of the electron beam. Energetic stabilities of Stone-Wales defects have 
been investigated by the theoretical calculations [50-52].  
Hypothetically, not only hexagons but also pentagons and heptagons can 
construct the sheet structures of carbon network [53, 54]. It is known as 
Haeckelites. Rolling up a planer Haeckelite, tubular structures can be obtained by 
applying the similar wrapping procedure for carbon nanotubes. In the case of 
Haeckelite carbon nanotube, a wall of a tube is not as straight as a carbon nanotube. 
The complex structures can be generated, for example, beads-like structures or 
helix tubes.  
 
(→) is swollen out, a sphere can be obtained. Extending this concept, a carbon nanotube with 
closed-cap structure is identical to a sphere, that is, a capped carbon nanotube has the value g = 
0. A ring structure of carbon nanotube, that is both ends of a tube are connected each other, has 
been observed [46]. In this case, the topology is different from that of a capped carbon nanotube. 
This type of structure is classified into a torus (g = 1). 
6Stone and Wales did not mention the possibility of heptagon, so that some researchers describe 
the structure shown in Fig. 2.8 as generalized Stone-Wales defect [49].  
Fig. 2.8: Schematic of Stone-Wales defect. Hexagonal network can be 
constructed around the pentagon-heptagon pairs without any curvature. 
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Chapter 3 
 
Characterization methods 
 
3.1 Raman spectroscopy 
 
3.1.1 Basic theory 
When light interacts with matter, the photons which make up the light may be 
absorbed or scattered, or may not interact with the material and may pass through 
it. In the case of the scattering process, photons can scatter inelastically from 
vibrational quantum states. During that process, photons may gain energy from, or 
lose it to vibrational excitations. A change in the photon energy produces a 
concomitant shift in the frequency of the scattered light. Depending on whether 
incident photons interact with a matter in its vibrational ground or first-excited 
state, the Raman scattering signal appears shifted to lower or higher energies than 
the excitation energy. Light shifted lower energy is called Stokes scattering, and 
light shifted higher is called anti-Stokes scattering [Fig. 3.1]. The energy deviations 
from that of the incident light is stem from the vibrational energy of matter. The 
phenomenon, known as Raman effect, was experimentally discovered in 1928 by C. 
V. Raman and K. S. Krishnan [55]. Raman scattering is very weak, and most of the 
light is elastically scattered, called Rayleigh scattering.  
Historically, Raman scattering has been described both in terms of classical and 
quantum theories [18, 56]. The classical theory is based on the wave theory of light. 
The fluctuation with time of the electric field strength of incident light is given by: 
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tEE 00 2cos πν= ,          (3.1) 
 
where E, E0, ν0 and t indicate the strength of electric field, the amplitude, the 
frequency of the incident light and time, respectively. When a molecule is irradiated 
by this light, an electric dipole moment P is induced,  
 
tEEP o 02cos πναα == ,          (3.2) 
 
where α is a proportionality constant and is called polarizability. When a molecule 
is vibrating with frequency, the nuclear displacement is described as: 
 
tqq mπν2cos0= ,          (3.3) 
  
where q, q0, andνm are the displacement of nuclear, the vibrational amplitude, and 
the vibrational frequency. For a small amplitude of vibration, α can be a linear 
function of q: 
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αα ,          (3.4) 
Fig. 3.1: Diagram of the (a) Rayleigh and (b, c) Raman scattering processes. v
indicates the vibrational quantum number. (b) The scattering which loses 
energy (hν0 > hνS) is called Stokes scattering, and (c) the scattering which 
gains energy (hν0 < hνaS) is called anti-Stokes scattering. h and ν are Planck 
constant and frequency of the lights (subscripts 0, S and aS indicate incident,  
Stokes, and anti-Stokes lights), respectively. 
 21
where subscript 0 indicates the quilibrium position. 
Substitution of Eq. (3.3) and (3.4) to Eq. (3.2), an induced dipole moment P can be 
expressed as: 
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The first term corresponds to Rayleigh scattering. The second term corresponds to 
the Raman scattering of frequency gaining νm for anti-Stokes scattering, and 
losing νm for Stokes scattering. If the partial differentiation in the second term is 
zero, the vibration is not Raman active. During the vibration of a molecule, 
polarizability has to change for Raman activity1. 
Since the polorizability is expressed by a tensor, the left side of Eq. (3.2) can be 
rewritten as: 
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where αij is the polarizability tensor. Subscript i and j indicate the directions of the 
induced dipole moment and the electric field of the incident light, respectively. The 
direction of the induced dipole moment is not always identical to that of the electric 
field because a molecule does not always show spherical symmetry then the 
polarization of electrons is not identical to the direction of the electric field. 
 
1A dimension of the polarizability is C V-1 m2. It is useful to plot α/1  from the center of gravity 
in all direction. This plot can express the polarizability as an ellipsoid, called a polarizability 
ellipsoid. If the vibration is Raman active, the polarizability ellipsoid changes during the vibration. 
It should be noted that 04/ πεα  has a dimension of volume (m3). It is called polarizability volume. 
This value depends on the size of molecule or the number of electrons. 
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 The equation used to describe polarizability in term of quantum theory is known as 
Kramer Heisenberg Dirac (KHD) expression: 
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ρ and σ indicate the scattered and incident polarization directions. G, I, and F 
indicate a ground vibronic state, a vibronic state of an excited electronic state (an 
intermediate state2), and a final vibronic state of the ground state, respectively. μj 
is  the dipole operator of j component. ν GI and ν IF are the frequencies 
corresponding to the transition energy between G - I, and I - F, respectively. ν0 
indicates the frequency of the incident light. h and iΓI indicate Planck constant 
damping constant. Σ is the sum over all vibronic states of a molecule as might be 
expected from the non-specific nature of scattering.  
The numerator in the first term of Eq. (3.7) consists of two integrals. These 
integrals are similar to describe the absorption and emission processes for 
absorption spectra. However, light is not promoted to any actual state of the matter 
in normal Raman scattering. It is better to consider as terms which mix the ground 
and excited states in order to describe the distorted electron configuration in the 
complex between the matter and the light. There is no reason that the intermediate 
state should have a higher energy than the ground state. The second term of Eq. 
(3.7) describes the process that starts from a scattering process, and following the 
excitation process. The energy level diagram for these two processes expressed in Eq. 
(3.7) is shown in Fig. 3.2. 
Finally, the equation for the Raman scattering power P is shown: 
 
LlNP σ= ,           (3.8) 
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2For normal Raman scattering, an intermediate state is not a real state, so that an intermediate 
state is called virtual state. In the case of resonance Raman scattering, an intermediate state is a 
real state.  
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here N, σ, lL, ν0, νm, c are the number of molecules in the probed volume, the 
Raman cross section, the intensity of the incident light, the frequency of the 
incident light, the frequency corresponding to the vibration, and the speed of light, 
respectively.  
 
3.1.2 Resonance Raman scattering 
When the energy of the incident light is close to the energy of an electronic 
transition, scattering enhancements of up to 106 have been observed. This 
phenomenon is known as resonance Raman scattering. High enhancement factor 
means that resonance Raman scattering is a sensitive technique since only the 
chromophore gives the more efficient scattering. In the case of single-wall carbon 
nanotube (SWCNT), Raman signals from a particular (n, m) SWCNT can be obtained 
because some of the band gap energy for a SWCNT are close to the energy of visible 
lights (if an incident light is visible light) and the band gap energy depends on the 
chirality (n, m).  
The increase in intensity from resonance enhancement can be understood by KHD 
equation. When a system is under resonance condition (ν0 ≈ νGI in Eq. (3.7)), the 
denominator of the first term reduces to iΓI, which relates to the life time of the 
excited state and affects the natural width of Raman line. This value is very small 
and the denominator of the second term is additive and it can be neglected. 
Fig. 3.2: Two processes for Raman scattering. (a) The process expressed in (a) 
the first term, and (b) the second term of Eq. (3.7). hν0 and hνscat. indicate the 
energy of a incident and a scattered light, respectively. 
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Therefore, polarizabily becomes very large and consequently it leads to the large 
Raman intensity under the resonance condition.  
According to the Born Openheimer approximation, electronic and vibrational 
terms can be separated due to the difference of the timescale. In this way 
polarizability can be described by two terms3 [18, 57]: 
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where MIG(R), Φ, and R indicate the electronic transition moment, the vibrational 
wavefunction, and the nucleic co-ordinates, respectively. the subscripts 0 and εfor 
R represent the co-ordinates at equilibrium and particular movements, respectively. 
The second term in Eq. (3.13) is denoted as MIG’(R0). 
For normal Raman scattering, A-term is zero since the product of the 
wavefunctions of the vibrational ground and excited states is the odd function. In 
the case of resonance Raman scattering, when the equilibrium position is shifted 
upon electronic excitation, that is, vibration is totally symmetric, the A-term can be 
contributed to the scattering. Since the integrals in the A-term have no co-ordinate 
operators, overtone modes are arrowed from the A-term4.  
For the B-term, it can be shown that non-totally symmetric vibrations can contri- 
 
3The rotation term is neglected. And the second term in Eq. (3.7) is not shown because this term is 
not important for resonance Raman scattering. 
4Overtones in normal Raman scattering are explained by the higher terms of polarizability (see Eq. 
(3.4)). The mechanism of overtone under resonance condition is different from normal one.  
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bute under resonance condition. The co-ordinate operator Rεallows a transition 
only if there is one vibrational unit difference between the ground and the excited 
states. Therefore, overtones are not predicted under resonance condition for the 
B-term.  
 
3.1.3 Surface-enhanced Raman scattering 
Molecules adsorbed on appropriately prepared metal surfaces display Raman 
cross-sections up to 1014 orders of magnitude greater than the corresponding 
quantity for an isolated molecule. This phenomenon is known as surface-enhanced 
Raman scattering (SERS). SERS was observed by Fleischmann et al. in 1974 [58] 
who observed intense Raman scattering from pyridine adsorbed onto a roughened 
silver electrode surface from aqueous solution. Due to the large enhancements, it 
can be achieved in a level of single-molecule detection [59-62]. It has been 
demonstrated that silver is a particularly good substrate for SERS but some other 
metals such as gold and copper are also effective. Many different roughened 
surfaces have been prepared, for example, aggregated colloidal suspensions, 
electrodes and cold deposited metal films with silver island films and silver coated 
beads [63-66].  
The roughness of the metal surface increases its surface area, however, the large 
intensity enhancement is unlikely to be obtained from only the increase of its 
surface area. The enhancement depends not only on the type of metal and its degree 
of roughness (the size or shapes), but also the analyte and the frequency of the 
incident light. In order to account for this phenomenon, there are mainly two 
mechanisms for SERS, that is, electromagnetic mechanism and chemical 
mechanism [63]. It should be noted that these two mechanisms do not describe the 
whole nature of SERS. 
 
Electromagnetic mechanism  The collective excitation of the electrons of 
a conductor is called a plasmon. If the excitation is confined to the near surface 
region, it is called a surface plasmon. Surface roughness is required for the 
excitation of surface plasmons by light. The same phenomenon can be observed in 
strained-glass windows in old cathedrals.  
The simple model which describes the important properties of the electromagnetic 
mechanism is given by following; when a small metal sphere is subjected to an 
applied electric field from the incident light, the electric field at the surface Er is 
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whereε1, ε0, νL, a, r, Eo, θare the dielectric constant of the metal, the dielectric 
constant of the medium surrounding the metal sphere, the frequency of the incident 
light, a distance from the sphere surface, the radius of the sphere, the electric field 
of the incident light, and the angle relative to the direction of the electric field, 
respectively. Under the incident light is resonant with the surface plasmon, that is, 
when )(1 Lνε  becomes 02ε− , and the direction of the incident light is 
perpendicular to the surface, Er can be a maximum and the greatest enhancement 
is observed. Though the plasmon resonance frequency depends on the species of 
metal and its nature of the surface, silver and gold, which are usually used as SERS 
substrates, have resonance frequencies in the visible region.       
 
Chemical mechanism  Chemical mechanism (charge transfer) is thought 
to proceed via new electronic states which arise from the formation of the bond 
between the analyte and the metal surface. This mechanism is similar to resonance 
Raman scattering. When the Fermi energy level of the metal is between the HOMO 
and LUMO of the adsorbed molecule, the incident light could be in resonance with 
the electronic transition (Fig. 3.3). In this case, the enhancement occurs for the 
specific molecule, whereas electromagnetic mechanism is non-molecular specific 
enhancement.   
Fig. 3.3: Energy diagram for a molecule adsorbed on a metal surface. When an 
energy of the incident light is close to ΔEa or ΔEb, intensity enhancements 
can occur due to resonance Raman scattering.   
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Fig. 3.4: IUPAC classification of adsorption isotherms [67].
3.2 Adsorption isotherm 
 
3.2.1 Basic properties of gas adsorption 
When a solid is exposed to a gas, the density of gas molecules on the surface of the 
solid differs from that of the bulk gas. This phenomenon is called adsorption. 
Depending on how the surface interacts with gas molecules, adsorption can be 
classified into two types; physical adsorption and chemical adsorption. Physical 
adsorption stem from dispersion force and no overlap of electronic orbitals between 
the surface of a solid and adsorbed molecules occurs. On the other hand, when the 
overlap of the orbitals occurs, it is called chemical adsorption. Chemical adsorption 
accompanies charge transfer interaction or chemical bonding between the surface 
of the solid and adsorbed molecules.  
Adsorbed amount of gas molecules on a solid surface depends on temperature, 
pressure, and interaction potential between gas molecule and the surface. Since the 
interaction potential is constant under the constant temperature, adsorbed amount 
is a function of pressure. Plots of adsorbed amount against pressure are called 
adsorption isotherm. According to International Union of Pure and Applied 
Chemistry (IUPAC) classification [67], adsorption isotherm can be classified into six 
groups. Each adsorption isotherm evokes the relationship between adsorption 
mechanisms and solid surface structures.   
Adsorption isotherm is sensitive to pore structures of a solid. Adsorption isotherm 
of nitrogen at 77 K is widely used to characterize specific surface area, pore volume, 
and pore size of the porous solid.  
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3.2.2 Analytical method 
Brunauer-Emmett-Teller (BET) method  BET theory is the theory 
describing a multilayer adsorption process on a flat surface of the solid [68, 69]. 
BET equation is expressed as: 
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where P, P0, na, ΔH1, ΔHL, nm are definite pressure at equilibrium, saturated vapor 
pressure, adsorbed amount at pressure P, heat of adsorption for the first layer, heat 
of condensation, and adsorbed amount covering the monolayer, respectively.  
When the plot of the left term in Eq. (3.15) against P/P0 gives linearity, adsorbed 
amount of the molecules covering the monolayer of the solid surface can be 
estimated by the sum of the slope and the intercept. Assuming that the adsorbed 
molecules cover the surface in close-packing, and a molecular cross sectional area 
σ is known, specific surface area ABET can be estimated by following equation: 
 
weight sample
σmA
BET
nN
A = ,         (3.17)  
 
where NA is Avogadro’s constant. Nitrogen is widely used as a probe molecule, and 
the value 0.162 nm2 is usually used for its cross sectional area [69].   
 
αs method  Pore width w can be classified into four types [Table 3.1].  
 
 
 
 
 
 
 
 
 
 Width 
Macropores     50 nm < w 
Mesopores     2 nm < w < 50 nm 
Micropores     w < 2 nm 
Supermicropores     0.7 nm < w < 2nm 
Ultramicropores      w < 0.7 nm 
Table 3.1: Classification of pore width w.
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When adsorbed amounts are normalized by an adsorbed amount at relative 
pressure of 0.4 of standard adsorption isotherm5 (this value is calledαs), and plot 
the adsorbed amount against αs, characteristic curve related to the porosity of the 
sample is obtained (Fig. 3.5). Micropore volume W0 and external surface area Aext 
can be estimated by Linear fitting of highαs region. Total surface area can be 
estimated by the slope which pass through the linear region with zero point. Since
αs plot is the comparison plot against the standard sample, the ratio of the slopes 
indicates the ratio of the specific surface areas. When the specific surface area of the 
standard sample is given, total and external surface area can be estimated by 
determining the values of the slopes (69-71).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dubinin-Radushkevich (DR) method  Micropore filing of gas molecules 
starts from low pressure region. According to the theory given by Dubinin and 
Radushkevich, micropore volume can be estimated by following equation [69-71]]: 
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5Unporous solid having similar structure to a specimen is usually chosen for a standard sample.   
Micropores 
Mesopores 
Flat surface 
W0 
Fig. 3.5: Hypothetical αS plots. Wo indicates micro pore volume. 
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where W, W0, k, and β are the volume that has been filled when the relative 
pressure is P/P0, total micropore volume, parameter related to the pore structure, 
and affinity coefficient, respectively. According to Eq. (3.18), the plot of log W against 
log2(P0/P) should be a straight line having an intercept equal to the total micropore 
volume W0. 
 
Dollimore-Heal (DH) method  Adsorption isotherm of nitrogen at 77 K is 
usually used for estimation of pore size distribution. DR method is one of the 
representative methods to evaluate pore size distribution. Assuming the 
open-ended cylindrical pore without any crossover of the cylinders, pore size 
distribution can be estimated by using desorption process [72, 73].  
Pore radius when nitrogen is condensed rk, and thickness of the adsorbed layer t 
can be expressed as: 
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Since there are the layer of adsorbed molecules before condensation starts, actual 
pore radius of the solid rP can be expressed as the sum of rk and t. 
Assuming that desorption processes occur with some steps (number of step is 
indicated by n), and the total desorbed amount ΔVn can be separated to the 
desorbed amount of the capillary condensation, and desorbed amount of the 
monolayer, the genuine pore volume of the solid ΔVP,n at the step n is given by: 
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where AP is the area where the desorption occurs at the step n. The pore size 
distribution can be obtained by the plot of ΔVP,n/ΔrP against the mean pore radius. 
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Chapter 4 
 
Raman spectra of carbon mate- 
rials 
 
4.1 Graphite 
 
The perfect lattice structure of graphite belongs to (P63/mmc) symmetry. 
The expected lattice vibrational modes are: 
 
gugu EEBA 2122 22 +++=Γ .         (4.1) 
 
The A2u and E1u modes are Infrared (IR) active and have been observed at 867 and 
1588 cm-1 [74]. Two E2g modes are Raman active and have been observed at 1581 
and 42 cm-1. The other modes are optically inactive modes. One of the optically 
inactive mode is experimentally observed by neutron scattering at 127 cm-1 [76, 77], 
the other mode is expected to occur at 870 cm-1. The eigenvectors of the vibrational 
modes of graphite are represented in Fig. 4.1 [78]. The E2g mode at 1581 cm-1 is 
usually called G-band.  
The Raman spectrum of natural graphite is shown in Fig. 4.2(a). In addition to 
G-band at 1580 cm-1, fairly weak peak at 1348 cm-1 is observed. This peak is not 
predicted by group theory obtained by the infinite graphite structure as shown in Eq. 
4
6hD
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(4.1). It can be clearly observed in the Raman spectrum of activated carbon fiber 
(ACF), which has large amount of defective graphite structures (Fig. 4.2(b)). Since 
the peak around 1350 cm-1 can be induced by the destruction of highly crystallized 
graphite, and its intensity has correlation with the quantities of the defects, it has 
been attributed to the mode related to the defects. This peak is usually called 
D-band.  
There are three approaches for the assignment of D-band [79]: (1) The presence of 
the defects may change the symmetry from perfect graphite. Actual graphite 
structure is finite, and it has the edge structures. According to the assignment by 
Tuinstra and Koenig [80], the A1g mode can appear at the edge regions (Fig. 4.3). (2) 
The symmetry lowering affects the selection rule of Raman scattering of lattice 
vibration. In this case, Raman scattering can occur at the whole region of Brillouin 
zone of the phonon dispersion curve. It may indicate that not only the vibrations at 
the entire lattice (wavelengths are infinite), but also at the limited region of the 
lattice (wavelengths are finite) can contribute to the Raman scattering. Therefore 
Raman peaks could be observed at the intense vibrational density of state [81]. (3) 
42 cm-1 (E2g1) 1581 cm-1 (E2g2) 
1588 cm-1 (E1u) 867 cm-1 (A2u) 
127 cm-1 (B2g1) 
870 cm-1 (B2g2) 
Raman active  
IR active 
Optically inactive 
Fig. 4.1: Normal vibrational modes of graphite. The arrows indicate the 
directions of the atomic displacements [78].  
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Raman spectra of polycyclic aromatic compounds show the A1g mode at 1300-1400 
cm-1 [82, 83]. This mode tends to be weakened as the rings being larger. Extending 
this tendency to the infinite ring structure such as perfect graphite, this mode could 
be unobservable as seen in highly crystallized graphite. In this approach, D-band 
can be attributed to the A1g mode observed in the Raman spectra of polycyclic 
aromatic compounds. This mode seems to be similar to that suggested by Tuinstra 
and Koenig (Fig. 4.3). 
Fig. 4.2: Raman spectra of (a) natural graphite, and (b) activated carbon fiber 
(P20). Heavy and dashed lines indicate the fitting curves and its Lorentzian 
components, respectively. The measurements were conducted with 532 nm 
excitation. 
Fig. 4.3: A1g mode (D-band) at the edge region of graphite [79]. 
(a) (b) 
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For the first order Raman scattering, G-band and D-band can be frequently 
observed in usual Raman measurements, however, graphitic materials1 even in 
highly oriented pyrolytic graphite (HOPG), many fine signals except for G- and 
D-bands have been observed in their Raman spectra [84-88]. Recent theoretical 
work [89] has revealed that the double resonance Raman process2 could reproduce  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Carbon nanotubes are not included here. 
2Some of the observed peaks show the phonon frequency dispersions. One of the main advances 
of the theory is that the theory could also reproduce the phonon frequency dispersions with 
energy of incident light.  
Assignment ω  / cm-1 E∂
∂ω  / cm-1 eV-1 
oTA 45 26 
iTA 300 121 
LA 430 173 
oTA 500 -28 
oTO 640 26 
oTO 850 -5 
oTO 855 0 
iTA 900 -58 
iTA 1000 0 
LA 1250 -5 
LA/LO 1260 0 
LO (D-band) 1350 48 
iTO 1450 -11 
iTO 1490 0 
iTO 1555 -20 
iTO/LO (G-band) 1580 0 
LO (D'-band) 1600 4 
The notations for each mode assignement indicate: i = in-plane or o =out-of-plane, T = 
transversal or L = longitudinal, A = acoustic or O = optical, respectively. ω is the calculated 
phonon frequency when the energy of the incident light is 2.41 eV. The last column indicates 
phonon frequency dispersions with laser energy.  
Table 4.1: The calculated phonon frequency and
 assignment [89]. 
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Fig. 4.4: (a) Raman spectrum of diamond (powder, monocrystalline). Heavy 
and dashed lines indicate the fitting curves and its Lorentzian components, 
respectively. The measurements were conducted with 532 nm excitation. (b)    
Phonon modes of diamond [91]. Two TO (only the atomic displacements 
toward y direction are shown) and one LO are triply degenerated. These 
modes are Raman active, and observed at 1331 cm-1.  
TO 
LO 
(a) (b) 
some of the experimentally observed peaks, which are not predicted just by the 
effect of the symmetry lowering. The calculated phonon modes are summarized in 
Table 4.1. 
 
4.2 Diamond 
 
The perfect structure of diamond belongs to  (Fd3m) symmetry. According 
to the phonon dispersion relation of diamond [90], there is only one Raman active 
mode, which is triply degenerated optical phonon modes (doubly degenerated two 
transversal modes and one longitudinal mode) with F2g (=T2g) symmetry. Since the 
primitive unit cell of diamond is consisted of two carbon atoms (at (x, y, z)=(0, 0, 0) 
and (1/4, 1/4, 1/4), see Fig. 4.4(b)), there are six phonon modes and three of them 
are acoustic modes. The rest three modes are optical modes and all of them are 
7
hO
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Raman active. Therefore no IR active mode is predicted for the perfect diamond 
structure belongs to the symmetry shown previously.  
First order Raman spectrum of the diamond is shown in Fig. 4.4(a). Only one peak 
is observed at 1331 cm-1. Eigenvectors of the phonon modes related to the observed 
peak are shown in Fig. 4.4 (b) [91]. In Fig. 4.4 (b), two representative carbon atoms 
are highlighted with open circles. The direction of the traveling wave is set to x 
direction. Though TO modes are doubly degenerated, only the atomic displacements 
toward y direction are shown (i.e., the displacements toward z direction is not 
shown). Though the Raman peak of diamond is observed near the wavenumber of 
D-band for graphite (Fig. 4.2), D-band is not related to the phonon mode of diamond 
because of the difference of crystal structure. Some defects on graphite are related 
to the presence of sp3 bonding (e.g., functional groups) and could induce D-band, 
however, it sometimes leads misunderstanding of D-band because diamond is sp3 
bonded carbon.   
 
4.3 C60 
 
C60 is a molecule consisting of sixty carbon atoms [1]. A C60 molecule belongs to Ih 
symmetry. The expected intramolucular vibrational modes are [92]: 
 
uuuuuggggg HGFFAHGFFA 765486432 2121 +++++++++=Γ .    (4.2) 
 
There are ten Raman active modes (2Ag + 8Hg), and four IR active modes (4F1u), and 
the others are optically silent. The observed and the calculated Raman spectrum of 
C60 are shown in Fig. 4.5(a). Calculation was implemented by using Gaussian 
package (Gaussian 03W) [93]. Density functional theory (DFT) method was carried 
out with B3LYP/6-31+G (d, p) for geometry optimization and frequency calculation. 
The frequency of the calculated Raman spectrum was scaled by the most intense 
peak observed at 1467 cm-1.     
Totally symmetric vibrational modes (Ag) are sensitively observed by Raman 
measurements. In Fig. 4.5(b), the displacements of carbon atoms corresponding to 
two Ag modes are shown. The peak observed at 495 cm-1 is assigned to the mode 
that every carbon atom displaces toward radial direction. It is called radial 
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breathing mode (RBM). The other peak observed at 1467 cm-1 is called pentagonal 
pinch mode. This mode shows tangential displacements with a contraction of the 
pentagonal rings and an expansion of the hexagonal rings for one set of 
displacements. 
  The cap structures of carbon nanotube can be made up by fullerene hemispheres. 
For (5, 5) single-wall carbon nanotube, one possible cap structure can be C60 
hemispherical configuration. In this case, the calculated eigenfrequency of the 
cap-derived RBM is 476 cm-1 [13]. This value is fairly close to that of Ag1 mode of C60 
(Fig. 4.5 (b)). The cap-derived mode was indeed probed for the single-wall carbon 
nanotube by inelastic electron tunneling spectroscopy [13]. It will be shown in 
Chapter 6 and 7 that cap-derived modes are observed not only for carbon 
nanotubes but also for single-wall carbon nanohorn by applying surface-enhanced 
Raman scattering technique. 
Ag2 (1467 cm-1) 
(a) (b) 
Fig. 4.5: (a) Raman spectrum of C60 obtained by 532 nm excitation. The 
calculated peak positions are also given by the bars. Two characteristic 
vibrational modes (Ag1 and Ag2) are highlighted, and those eigenvectors are 
shown in (b). For Ag2 mode, carbon atoms consisting pentagon in the center  
and those displacement vectors are highlighted by open circles and open arrows 
for clarity. 
Ag1 (495 cm-1) 
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4.4 Carbon nanotubes 
 
Symmetry of a perfect single-wall carbon nanotube (SWCNT) depends on its 
chirality (n, m).  For example, an armchair SWCNT (n, n) has Dnh symmetry when n 
is even, or Dnd symmetry when n is odd [17]. The total number of phonon modes 
depends on the number of carbon atoms in a unit cell (6N-4), however, the numbers 
of Raman or IR active modes do not depend much on the nanotube diameter or 
chirality. According to the selection rules obtained by group theory, there are fifteen 
or sixteen Raman active modes and six to nine IR active modes for SWCNT. Raman 
spectrum of SWCNTs produced by the laser ablation method is shown in Fig. 4.6. 
There are four intense peaks usually observed in first order Raman spectra of 
SWCNT: radial breathing mode (RBM), defect-induced mode (D-band), and two 
G-bands. The eigenvectors of RBM and two G-bands are given in Fig. 4.7 [95]. The 
RBM frequency gives information about diameter of SWCNT [17]. There is a 
Fig. 4.6: Raman spectrum of SWCNTs produced by the laser ablation method 
obtained by 532 nm excitation (gray). The characteristic vibrational modes are 
also highlighted by arrows. Heavy and dashed lines for RBM and G-band 
regions indicate the fitting curves and its Lorentzian components, respectively.  
The bars indicate the calculated peak position for (10, 10) SWCNT [94].   
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relationship that the RBM frequency ωRBM depends linearly on the reciprocal of the 
nanotube diameter dt.: 
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where α , β  are the coefficients. The coefficients values depend on the 
environment or surrounding of nanotubes. This is why different values have been 
reported [96-100]. For example, α=234 nm cm-1 and β=10 cm-1 were reported for 
bundled SWCNTs [98]. For the isolated SWCNTs on Si/SiO2 substrate, α=248 nm 
cm-1 (± 2 nm cm-1) and β=0 cm-1 were experimentally found [99], and widely used 
to estimate the nanotube diameter. On the other hand, α=232 nm cm-1 (± 10 nm 
cm-1) and β=0 cm-1 were theoretically determined [97]. Slight upshift of RBM 
frequency due to β=10 cm-1 for bundled SWCNTs against the theoretical value 
stem from van der Waals interaction with the environment. In the case of the 
SWCNT produced by super growth method [23], α=227.0 nm cm-1 (± 0.3 nm cm-1) 
and β=0.3 (± 0.2 cm-1) cm-1 have been obtained [101]. Since β≈0 cm-1 and the α 
value is fairly close to the theoretical value, it may suggest that each nanotube 
produced by super growth method undergo as if the intertube interaction could be 
negligible.  
G-band of graphite is observed at 1580 cm-1 (Fig. 4.2). This peak is assigned to the 
degenerated LO and TO modes (Table 4.1). Both LO and TO are in-plane vibrational 
modes. For carbon nanotube, the curvature of graphene sheet causes splitting of LO 
and TO modes. These are called G+- and G--bands. As shown in Fig.4.7, G+-band is 
(a) (b) (c) 
Fig. 4.7: (a) Radial breathing mode, (b) G+-mode, and (c) G--mode of SWCNT 
[95]. 
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the mode displacing atoms along the tube axis, and for G--band atomic 
displacements are along the circumferential direction. G+-band frequency is 
independent of the tube diameter [95]. On the other hand, G--band frequency 
depends on the tube diameter and whether metallic or semiconducting, the 
narrower tube diameter, the larger shifting from G+-band, and metallic nanotube 
shows much lower frequency than semiconducting one [95].     
As previously shown that the gap energy of SWCNT depends on its diameter. The 
relation between the gap energy and tube diameter is known as Kataura plot [102]. 
As shown in Fig. 4.83, some of the gap energy is in the range of visible light region. 
When an incident light is close to the corresponding gap energy of SWCNT(s), 
resonance Raman scattering occurs. Therefore it is possible to selectively probe 
particular SWCNTs by Raman measurements with choosing proper incident light.  
3Fig. 4.8 is reproduced from the calculation by Prof. S. Maruyama 
(http://www.photon.t.u-tokyo.ac.jp/~maruyama/index-j.html). 
Fig. 4.8: Kataura plot [102]. The value of transfer integral, 2.9 eV was used for 
the calculations (see Eq. 2.12). Open circles indicate metallic SWCNTs and open 
triangles indicate semiconducting SWCNTs. Mi, Si indicate the i th gap energy for 
metallic (M) or semiconducting (S) SWCNT (see Fig. 2.4). Heavy lines indicate the 
resonance energy range (± 0.1 eV) when 532 nm (2.33 eV) is chosen for the 
incident light. Dashed lines indicate the diameters estimated by the RBM 
frequencies of SWCNTs produced by the laser ablation method.   
M1 
S1 
S2 
M2 
S3 
S4 
M3 
S5 
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For example, in the case of the light chosen to 532 nm (2.33 eV) with considering the 
pre-resonance condition (± 0.1 eV), it can probe the SWCNTs included between 
heavy lines in Fig. 4.8. For the SWCNTs produced by laser ablation method (Fig. 4.6), 
two RBM are observed at 169 and 185 cm-1, and these frequencies correspond to the 
tube diameter of 1.47 and 1.34 nm, respectively4. In Fig. 4.8, the observed tube 
diameters are shown in the dashed lines. The probed nanotubes are given by the 
crossing area between the heavy lines and the dashed lines. In this case, 
semiconducting SWCNTs are selectively observed. 
When a metallic nanotube is in resonance with an incident light, broadening of 
G--band is observed [102]. The peak exhibits asymmetric line shape. 
Breit-Wigner-Fano (BWF) line is usually used to fit the G--band of metallic nanotube 
[95, 102-104]. The BWF line is given by: 
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where I0, ω0, Γ, and q are intensity, BWF peak frequency, broadening parameter, 
and lineshape parameter, respectively. The experimental Raman spectra which are 
resonance with the metallic SWCNTs are shown in Fig. 4.9. When 633 nm excitation 
(1.96 eV) is used, the SWCNTs having the diameter of  ~1.3 nm can be assigned to 
the metallic SWCNTs. Since the metallic SWCNTs are in resonance condition, the 
broad and asymmetric G--band is observed. In Fig. 4.9 (B), one of the G--bands fitted 
by BWF line are shown. Frequency of G--bands can be estimated by the following 
equation [95]: 
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where  and dt are frequency of G--bands and tube diameter, respectively.   
is 1591 cm-1 for both metallic and semiconducting nanotube. The coefficient β is 
different for metallic (-79.5 cm-1 nm2) and semiconducting (-45.7 cm-1 nm2) 
nanotube [95]. It should be noticed that the order of 2 for dt can be used when the 
G-band components are assumed to be consisted of only two Lorentzian peaks for a 
4α=248 nm cm-1 and β=0 cm-1 are used for estimation of the tube diameters. 
−G
ω 0ω
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SWCNT. Though six Raman active modes are theoretically obtained around this 
region, only G+-, G--bands are taken account in Eq. (4.5).  
When the tube diameter is much larger than 2 ~ 3 nm, the characteristic 
spectrum to SWCNT (e.g., Fig. 4.6) is hardly observable. Only SWCNTs with small 
diameter (less than 2 ~3 nm) can contribute to the Raman spectrum with RBM, 
G--band, and other Raman features. Since Raman signals of SWCNTs are 
emphasized by resonance Raman effect, the peak intensities do not indicate directly 
the amount of a particular SWCNT. For these reasons, it should be noticed that 
RBM analysis does not provide the whole diameter distribution of the sample, even 
excitation wavelength of laser can be variable.    
Multi-wall carbon nanotube (MWCNT) can be said to be an ensemble of SWCNTs 
[95]. For RBM, the inner most and outer most tubes of MWCNT are in a similar 
situation to the SWCNT. Since the interlayer distance of MWCNT is usually 3.45 Å 
[25], RBM of outermost tube of MWCNT is expected to be rarely observable.  
Fig. 4.9: Excitation wavelength dependence of Raman spectra for SWCNTs 
produced by laser ablation method. Raman spectra of (a) RBM region and (b) 
G-band region. Label S amd M indicate the observable tube diameter regions of 
semiconducting and metallic SWCNTs expected by Kataura plot. Some of the 
observed RBM peaks can be assigned to the metallic SWCNTs when 633 nm 
excitation is applied. Under 633 nm excitation, the broad G--band is observed, 
which is called BWF line.  
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4.5 Single-wall carbon nanohorns 
 
The structure of Single-wall carbon nanohorn (SWCNH) is complicated (Fig. 2.7). 
Therefore, it cannot evaluate the vibrational properties by its lattice symmetry. The 
first order Raman spectrum of dahlia-type SWCNHs is shown in Fig. 4.10. The 
Raman spectrum is similar to that of defective graphite. Since the diameters of 
SWCNHs are 2 - 5 nm and the curvature effect is weaker than SWCNTs (except for 
the wide diameter tube), the characteristic Raman signals observed in SWCNT are 
not observed in that of SWCNHs. Only two peaks related to the mode seen in 
graphite are observed. The SWCNT having much wider diameter exhibits similar 
tendency, the wider tube diameter the closer to graphite. What differs from the ideal 
SWCNT having diameter larger than 2 ~ 3 nm is that SWCNHs have many 
distorted-tube structures as well as caps. These structures can be contributed as 
the defects against perfect graphite. In macroscopic point of view, relatively strong 
D-band at 1336 cm-1 can be attributed to the abundant defects in SWCNHs.    
Local structures of SWCNHs are complicate but unique. Presumably, the distorted 
structures may be made up by the topological defects, such as the presence of 
pentagonal, heptagonal rings and so on. If we have experimental techniques which 
can probe vibrational properties at nano-scaled level, characteristic vibrational 
Fig. 4.10: Raman spectrum of dahlia-type SWCNHs obtained by 532 nm 
excitation (gray). Heavy and dashed lines indicate the fitting curves and its 
Lorentzian components, respectively. 
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modes due to the topological defects should be obtained because the local 
structures (or local symmetry) are no more hexagonal structure. Indeed, the 
cap-RBM has been observed by inelastic electron tunneling spectroscopy [13]. 
Surface-enhanced Raman scattering (SERS) is one of the hopeful technique to probe 
signals at single molecule level [59]. Since SERS-active sites on metal surface are 
restricted in order of nano-scale (both parallel and perpendicular direction to the 
metal surface), SERS has a potential to probe the local structures of nanocarbons.    
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Chapter 5 
 
Characterization of Single-wall 
carbon nanotubes produced by 
“Super Growth” method 
 
In order to elucidate the presence of the caps and the bundle structures of 
single-wall carbon nanotube produced by “super growth” method (SG-SWCNT), N2 
adsorption isotherms at 77 K were investigated. Since the caps can be removed by 
oxidation treatment, characterization of the specific surface areas and the pore 
volumes of the as-grown and the oxidated sample give information about whether 
the caps are present or not.  
The ideal geometrical surface area and pore volume of a SWCNT can be estimated 
since the diameter and the length of the unit cell of a SWCNT are determined only by 
its chirality. The ideal values and the experimental values were examined. It can be 
shown that the specific surface area of the as-grown SG-SWCNTs and the pore 
volume of oxidated SG-SWCNTs exhibit good agreement with those of the ideal 
structure. In this context, the bundle structures were discussed. Compensating for 
these results, the characterization of the well-bundled SWCNTs were carried out 
and compared with the results obtained for SG-SWCNTs. Thermogravimetric 
analysis, x-ray powder diffraction method, and Raman spectroscopy were also 
examined for supporting the conclusions.    
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5.1 Samples and Experimental 
 
The as-grown SG-SWCNTs (asSG-SWCNTs) were supplied by Dr. Hata et al. [15, 
23]. The detail of the synthesis method was given in Chapter 2. In order to estimate 
the metal contents, thermogravimetric analysis (TGA) was carried out under N2/O2 
(8:2) gas (Fig. 5.1). The residue is 0.99% after combustion of carbon materials at 
1200 K. It indicates that the supplied sample exhibits the high carbon purity 
(99.01%). In Fig. 5.1(b), the curve of the temperature derivatives against the weights 
is monotonic (the peak centered at 904 K). It indicates the high nanotube content 
against the other carbon impurities (e.g., amorphous carbon).  
Fig. 5.2(a) shows the x-ray diffraction (XRD) pattern of asSG-SWCNTs. The XRD 
pattern of the well-bundled and narrow diameter distribution SWCNT sample1 is 
also shown in Fig. 5 (b) for comparison. Assuming that SWCNTs are closed packed 
into a triangular lattice in two-dimension [105], the observed fine Bragg peaks can 
be assignable. In the case of asSG-SWCNTs, there are no peaks characteristic to 
well-bundled SWCNTs. It indicates that asSG-SWCNTs do not form regular bundle 
structures. Furthermore asSG-SWCNTs exhibit wide diameter distribution [23], the  
1This sample is produced by laser ablation method. The mean diameter obtained by TEM 
observation is 1.37±0.25 nm. 
Fig. 5.1: TGA curves of asSG-SWCNTs under N2/O2 (8:2) atmosphere. (a) the 
weight-temperature curve and (b) the curve of the temperature derivatives of the 
weights. This sample includes 0.99% impurities of the metal catalysts. 
(a) (b) 
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XRD profile is expected not to be as usually obtained for well-bundled, narrow 
diameter distribution nanotubes. Since the peak due to 002 reflection of graphite is 
not observed, asSG-SWCNT sample does not include graphite as impurities. In this 
context, as-grown sample was used without any purification processes.  
In order to elucidate whether asSG-SWCNTs have cap structure or not, oxidation 
treatment was performed. A N2/O2 (8:2) gas flow of 150 ml min-1 was introduced to 
asSG-SWCNTs at 693K for 1 hour. Ramp rate was 1K min-1. This process is usually 
performed for removing amorphous carbon and opening nanotubes [28, 106]. The 
oxidated asSG-SWCNTs are denoted as oxSG-SWCNTs hereafter. 
N2 adsorption isotherms at 77 K were measured to evaluate the pore structure 
parameters with a volumetric apparatus (Autosorb 1: Quantachrome) after 
pretreatment at 423 K and 1 mPa for 2 hours.  
SWCNTs coalesce with each other under the temperature higher than 1573 K in 
vacuo [107-109]. Heating at much higher temperature causes transformation of 
single-wall to multi-wall nanotubes, and finally transform into graphitic structure 
at the temperature higher than 2073 K. [108, 109]. The bundle size and tube 
diameter distribution play an important role for the characteristic coalesced 
products. For this reason, annealing effect was examined. AsSG-SWCNTs were 
annealed at 1773, 1873, 1973, 2073, and 2273 K under 0.1 Pa for 2 hours2. Ramp  
rate was 20 K min-1. In order to reduce the impurity gases (e.g., O2) in the furnace, 
2We enlisted the help of Dr. Z.-M. Wang at AIST for using the furnace.  
Fig. 5.2: XRD patterns of (a) asSG-SWCNTs and (b) the well-bundled SWCNTs. 
Two dimensional indices hk are also shown in (b). * indicates the 002 peak of 
graphite. The x-ray wavelength is 1.002 Å. The XRD data were measured 
using a synchrotron radiation source at BL02B2 line of Spring-8.   
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the cleaning process, such as vacuum pumping (less than 0.1 Pa) and succeeding 
introduction of Ar gas (99.99%), was carried out for two times before heating.  The 
prepared samples are denoted as SG-SWCNTs/temperature hereafter. Since Raman 
spectroscopy are sensitive to the change of diameter of nanotube (see Fig. 4.9), 
Raman spectra of annealed SG-SWCNTs were measured with 532 nm (Nd:YAG 
laser) and 633 nm (He-Ne laser) excitations under ambient condition. The laser 
power used was approximately 1 mW at the samples and 100× objective was used 
(the estimated power density of the laser at the samples were 3×108 W m-2). The 
single-monochromator micro Raman spectrometer using back-scattering 
configuration (JASCO NRS-3100) was used for Raman measurements.    
 
5.2 Estimation of geometrical surface 
area and pore volume 
 
The geometrical papameters (e.g., diameter) of ideal SWCNT are discrete. Once a 
chirality (n, m) is settled, the length of circumference L, the diameter dt, the length of 
the translational vector T, and the number of hexagons in a unit cell of the nanotube 
N, are determined (Eq. 2.4-2.7). Since translations of a unit cell reflect the whole 
crystal, the derivative geometrical parameters such as surface area and pore volume 
per weight of nanotube can be determined by calculation for the unit cell. Assuming 
the “thickness” of single-wall consisting of carbon atoms is the covalent radius of 
SWCNT (half of C=C distance, 0.77 Å [17]), the outer surface area Sout and the 
inner surface area Sin of a free-standing (not bundled) SWCNT are given by: 
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The plots of Sout and Sin against tube diameter are shown in Fig. 5.3. As expected, 
the larger tube diameter, the closer to the surface area of flat graphene (1350 m2 g-1). 
Since the total surface area (Sout + Sin) is independent on tube diameter, a 
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free-standing and open-ended SWCNT should exhibit a surface area of 2700 m2 g-1.  
Actual SWCNT sample forms bundle structure. Intertube space, which is usually 
called interstitial site, should be taken into account for bundled-SWCNTs. 
Furthermore, “probe molecule” is required experimentally to evaluate specific 
surface area. For first approximation, it was assumed that the bundled SWCNTs 
with uniform diameter consist of two-dimensional triangular lattice, morphology of 
a “probe molecule” is a circle, morphology of interstitial cite is described by a circle, 
and the tube-tube distance is 3.348 Å (interlayer distance of graphite). The model 
structure is shown in Fig. 5.4. There is an empirical relation for the number of small 
congruent circles incorporated in a large circle [110]. The maximum number of 
small circles attached to inner surface of large circle can be also estimated. Now, the 
comparable value of surface area with experimental data can be calculated. 
Fig. 5.5 shows the plot of total surface area of the open-ended and closed-ended  
bundled-SWCNTs against tube diameter with assuming the diameter of the “probe 
molecule” are 3.54 Å (envisioned a N2 molecule) [68], respectively. It can be seen 
that the total surface area decreases when the number of tubes included in a 
bundle increases. This is mainly due to the less contribution of the outer surface 
against the whole bundle. The numbers of “probe molecule” attached to the inner  
Fig. 5.3: The ideal surface area of free-standing SWCNTs: ○ , zigzag; □ , 
armchair; and △, chiral nanotube. The one-side surface area of graphene with 
C-C distance of 1.44 Å is shown in solid line. The total surface area of 
SWCNTs (sum of the outer and inner) is also shown.  
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Fig. 5.4: The model structure for estimation of the derivative geometrical 
parameters of SWCNT bundle.  
Fig. 5.5: The estimated total surface area of the bundled SWCNTs with “probe 
molecule” effect: ○ , open-ended free-standing SWCNT; □ , open-ended 
bundled-SWCNT (consisted of 9 tubes); △ , open-ended bundled-SWCNT 
(consisted of 25 tubes); ■  and ▲  denote the closed-ended SWCNTs (the 
numbers of tubes in the bundle are same as □ or △, respectively). Only the 
values for armchair nanotube are shown for clarity. The solid line and the dotted 
lines indicate the total and outer or inner surface area of the free-standing 
SWCNT without probe molecular effect (same as Fig. 5.3).   
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surface of the tube or the interstitial site are shown in Fig. 5.6. The number of 
“probe molecule” indicates the number per cross section of the tube (assuming the 
two-dimensional cross section of the tube, and the value was estimated by the 
number of “small circles” on the inner surface of “large circle”.). Since the size of 
interstitial site is much smaller than tube diameter, the estimated number of “probe 
molecule” inside the interstitial site is only one until the tube diameter reaches to 3 
nm. Above 3 nm, the number of “probe molecule” for the interstitial site shows 
narrow interval stepwise. The repulsion between “probe molecules” is neglected in 
above estimation. When the actual behavior of molecules is taken in account, the 
number of “probe molecule” should be much less than the value shown in Fig. 5.6. 
Since the averaged diameter of asSG-SWCNT is 2.8 nm (estimated by TEM 
observation) [23], specific surface area is underestimated by analysis of N2 
adsorption isotherm especially due to less contribution from the interstitial site 
(ultramicropore region) if any.  
The geometrical pore volume of inner tube of a free-standing SWCNTs Vinner can be 
expressed as: 
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Fig. 5.6: The plot of number of “probe molecule (diameter = 3.54 Å )”
attached to the inner surface of the tube (○) and the surface of the interstitial 
site (□) against tube diameter. The number of “probe molecule” represents 
the number on the cross section of the tube wall.  
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The approximation for the estimation of surface area can be extended to estimate 
pore volume.  
Fig. 5.7(a) shows the dependence of the geometrical and the corrected pore volume 
on tube diameter. Here parameter for N2 molecule was used. Contribution of 
interstitial site is fairly low against the total pore volume. Even for the tube with 
diameter of 5nm, interstitial pore volume of 0.055 cm3 g-1 was estimated if the 
assemble of “probe molecules” were closed-packing in the cross section of the tube. 
This tendency is obvious for the number of “probe molecule”. In Fig. 5.7(b), the 
number of “probe molecule”, which is the number against the cross section of the 
tube, is plotted against the tube diameter. Theses estimations indicate that the 
interstitial pore volume is nearly independent on the tube diameter of SWCNTs (1 
nm < dt < 5nm). It should be noted that the above model postulates the 
closed-packed configuration of “probe molecule” in the two-dimensional tube. It will 
be discussed in the next section, however, the experimental values exhibit much 
larger values than the estimated pore volume. This may indicates that the  
(a) (b) 
Fig. 5.7: (a) Dependence of the estimated pore volume of SWCNTs on the tube 
diameter. Dashed line indicates the geometrical pore volume of the open-ended 
free-standing SWCNT. The solid lines indicate the geometrical pore volumes of 
the open-ended bundled-SWCNTs for interstitial site and the sum of inner tube 
and interstitial site (denoted as total). Open circle and square indicate the pore 
volumes of inner tube and interstitial site estimated by “probe molecule” effect, 
respectively. Closed circle is the sum of open circle and square, which implies 
the total pore volume. (b) The number of “probe molecule” confined in the inner 
tube (open circle) and the interstitial site (open square), respectively. 
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molecules assembles much more tightly on the pore than the model geometry, since 
the model presume the two-dimensionally closed-packed configuration continues 
along the tube axis like beads.  
 
5.3 Results and Discussions 
 
Fig. 5.8(a) shows the N2 adsorption isotherm on asSG-SWCNTs and 
oxSG-SWCNTs at 77K. The logarithm plots are shown in Fig. 5.8(b). The specific 
surface areas obtained by BET analysis are 1200 and 2270 m2 g-1 for asSG-SWCNTs 
oxidation treatment indicates the presence of the closed-cap structure for 
asSG-SWCNTs. Differential adsoption isotherm gives complementary information 
for the surface structure of the samples (Fig. 5.9). The differential values become 
unalterable above P / P0 = 0.4. Since the differential adsorbed amount is mainly 
originated from the adsorbed amount on the inner pore of oxSG-SWCNTs, the 
obtained invariant relation is reasonable results with the increase of BET specific 
surface area. Most of the asSG-SWCNTs should have the closed-cap structure. The 
extrapolated value to P / P0 = 0 for the flat relation region (0.4 < P / P0 < 0.8) is 429 
mg g-1. Assuming N2 is in liquid phase, the pore volume of oxSG-SWCNTs could be 
estimated as 0.531 cm3 g-1. 
(a) (b) 
Fig. 5.8: (a) N2 adsorption isotherms on asSG-SWCNTs (○) and oxSG-SWCNTs 
(□) at 77 K. Closed and open symbols indicate adsorption and desorption 
branches, respectively. (b) The logarithm plots of (a) highlighted to the 
adsorption on the pore structure regions.  
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The obtained BET specific surface areas for asSG-SWCNTs and oxSG-SWCNTs are 
unique. These values are close to the geometrical surface area (1350 and 2700 m2 
g-1 for the closed-ended and the open-ended SWCNTs, respectively). At the present 
stage, the SG-SWCNTs can be regarded as nearly free-standing assembly of the 
nanotubes. It should be compared with highly bundled-SWCNTs for further 
discussion.  
Fig. 5.10 shows the N2 adsorption isotherms at 77 K on the highly 
bundled-SWCNTs3 and that of the oxidated sample. Increase of the N2 adsorption 
amount was observed for the sample after the oxidation treatment. The BET specific 
surface areas are 290 and 1110 m2 g-1 for before and after oxidated samples, 
respectively. It indicates that the bundled-SWCNTs before oxidation exhibit the 
closed-cap structure. Hereafter, the unoxidated sample and the oxidated sample are 
refered to closed bundled-SWCNTs and opened bundled-SWCNTs, respectively.    
BET analysis is not sufficient for detail characterization of pore structures of 
SWCNTs. In Fig. 5.11, the α s plots for (a) the SG-SWCNTs and (b) the 
bundled-SWCNTs are shown. Carbon black (#32b, Mitsubishi Kasei Kogyo Co. Ltd.) 
was used for the standard sample. The pore structure parameters obtained by αS  
method are summarized with the estimated BET specific surface area in Table 5.1.  
Both the asSG-SWCNTs and oxSG-SWCNTs does not show clear αS curve usually 
observed in porous materials with micropores. Since the average diameter of the as-   
3The sample was provided by Dr. K. Takahashi (Institute of Research and Innovation). 
Fig. 5.9: Differential N2 adsorption isotherm on the SG-SWCNTs. Closed and 
open circles indicate differential adsorption and desorption branches, 
respectively.  
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SG-SWCNTs is 2.8 nm [23], which is slightly larger than the definition of micropore 
( < 2 nm), upward shifts of αS curve may not be obvious for SG-SWCNTs. The 
interstitial site is expected to be much smaller than the diameter of SG-SWCNTs 
and it can be observable as micropore, however, contribution from the interstitial 
site can be neglected if the bundle structure of SG-SWCNTs is not sufficiently 
developed. Taking account of the characteristic surface area of asSG-SWCNTs, this  
Fig. 5.10: N2 adsorption isotherms at 77 K on the highly bundled-SWCNTs (○) 
and that of the oxidated sample (□). Closed and opened symbols indicate 
adsorption and desorption branches, respectively. 
Fig. 5.11: αS plots of (a) asSG-SWCNTs (○) and oxSG-SWCNTs (●), (b) closed 
bundled-SWCNTs (□) and opened bundled-SWCNTs (■). The solid lines were 
used for evaluation of the pore structure parameters give in Table 5.1. 
(a) (b) 
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hypothesis can be persuadable. As previously mentioned, the total surface area of 
asSG-SWCNTs is fairly close to the geometrical surface area (1350 m2 g-1), and the 
external surface is also close to the total surface area. Only 0.01% of the surface 
contributes to the surface of the interstitial site. The external surface of 
oxSG-SWCNTs shows good agreement with total surface area of asSG-SWCNTs. It 
indicates that almost all of the surface of asSG-SWCNTs is external surface, 
consequently external surface of asSG-SWCNTs is freely accessible for N2 molecule 
and it has the closed-cap structure. Micropore volume may not depend on the 
number of tubes forming a bundle. It can be seen that the micropore volume for 
asSG-SWCNTs (0.0827 cm3 g-1) shows good agreement with the estimated pore 
volume (see Fig. 5.7(a)). Accordingly, these experimental results indicate that 
SG-SWCNTs exhibit nearly free-standing assemble structure. 
For the highly bundled-SWCNTs, the tendency estimated by the model structure 
is clearly seen. The total surface area is much smaller than that of asSG-SWCNTs 
due to the large number of tubes forming the bundles. The external surface area 
contributes to 35% of the total surface area. Since external surface area gives less 
contribution to total surface area when the number of tubes forming a bundle 
increases, the obtained ratio (35%) is reasonable value for the highly 
bundled-SWCNTs. The presence of f-swing also confirms the tight packing structure 
of the samples. In the case of opened bundled-SWCNTs, the total surface area 
considerably increases after the oxidation treatment. Almost four times larger than 
the closed bundled-SWCNTs. However, it does not reach to that of oxSG-SWCNTs. 
This is because each tube is tightly interacted, and abundant number of the tube 
forms a bundle. Contribution from the external surface against the total surface is 
31%, and fairly close to that of the closed bundled-SWCNTs. The micropore volume 
BET specific 
surface area 
Total  
surface area  
External  
surface area 
Micropore 
volume sample 
m2 g-1 m2 g-1 m2 g-1 cm3 g-1 
asSG-SWCNTs 1200 1220 1080 0.0827 
oxSG-SWCNTs 2270 2260 1170 0.621 
closed bundled-SWCNTs 290 324 113 0.0793 
opened bundled-SWCNTs 1110 1300 405 0.280 
Table 5.1: The pore structure parameters obtained by αS analysis. The BET 
specific surface areas are also shown. 
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of closed bundled-SWCNTs is close to that of asSG-SWCNTs. Since the mean 
diameter of the bundled-SWCNTs is 1.37±0.25 nm4 and the estimated pore volume 
of the ideal bundled-SWCNTs is virtually independent on tube diameter around 1 – 
5 nm (Fig. 5.7(a)), the above results for the micropore volumes also support the 
presence of the cap structure for both asSG-SWCNTs and closed bundled-SWCNTs. 
 DR method usually gives good expression for micropore filling. Fig. 5.12 shows the 
DR plots for SG-SWCNT samples and the highly bundled-SWCNT samples. The pore 
volumes characterized by DR method are shown in Table 5.2. Compared the micro 
pore volumes obtained by DR method with those obtained by αS method, the DR 
analysis gives approximately 1.5 times larger values than the αS analysis except for  
 
 
 
 
 
 
 
 
 
 
4The mean diameter was estimated by TEM observation (D. Noguchi, Master thesis, 2007.). 
micropore volume 
sample 
cm3 g-1 
asSG-SWCNTs 0.487 
oxSG-SWCNTs 0.866 
closed bundled-SWCNTs 0.117 
opened bundled-SWCNTs 0.442 
Fig. 5.12: DR plots of (a) asSG-SWCNTs (○) and oxSG-SWCNTs (●), (b) closed 
bundled-SWCNTs (□) and opened bundled-SWCNTs (■). The intersepts of the 
solid lines give information of the micropore volumes shown in Table 5.2. 
(a) (b) 
Table 5.2: Micropore volume obtained by DR analysis.
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asSG-SWCNTs (5.8 times). Though the micropore of opened bundled-SWCNTs is 
slightly larger than the evaluated value by αS analysis, it shows good agreement 
with the geometrical interstitial pore volume (1.10 cm3 g-1 for the tube diameter of 
2.75 nm). On the other hand, asSG-SWCNTs show large micropore volume as if 
asSG-SWCNTs were open-ended. Since the anomalous behavior of the micropore 
volume obtained by DR analysis is seen only for asSG-SWCNTs, it can be presumed 
that the value may not indicate directly the micropore volume. As discussed with 
the αS analyses, asSG-SWCNTs form less bundle assembly. The anomalous pore 
volume could be ascribed to its aggregated structure. Assuming that the obtained 
“micropore volume” can be regarded as the sum of true micropore volume of 
interstitial site and quasi-micropore volume, “micropore volume” can be converted 
into the “surface area” Smicropore by:  
 
2
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mANmicroporeDR
micropore
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aNVV
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= ,         (5.4) 
 
where  indicate micropore volume obtained 
by DR analysis, true micropore volume of interstitial site, density of N2 confined in 
“micropore”, Avogadro’s constant, molecular cross-sectional area of N2, and molar 
mass of N2, respectively. Assuming N2 is in liquid phase5, Smicropore can be given by 
1140 m2 g-1 for asSG-SWCNTs. Here, the micropore volume obtained by α S 
analysis was used for Vmicropore. The Smicropore shows good accordance within 6% 
discrepancy against the external surface obtained by αS analysis (1080 m2 g-1). 
Smicropore for the other samples are summarized in Table 5.3. Since the effect of true 
micropore is excluded in Smicropore, Smicropore indicates surface area of 
quasi-micropore for closed-ended SWCNTs, and the sum of surface area of internal 
micropore and quasi-micropore for open-ended SWCNTs, respectively. Compared 
Table 5.3 with the values obtained by αS analysis shown in Table 5.1, Smicropore 
seems to give the external surface area for the closed-ended SWCNTs and 
approximately the total surface area for the open-ended SWCNTs. It may indicate 
that the micropore volumes obtained by DR analysis include the contribution from 
the adsorbed N2 molecules directly on the surface. The anomalous pore volume of 
asSG-SWCNTs stem from its large external surface area. This results implies that   
5Following parameters were used for the calculation: 
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α S analysis is much more adequate and provides much better solution for 
evaluation of micropore volume of the nanotube, particularly for asSG-SWCNTs 
because loose bundle structure provides the space where N2 molecules can access 
and playact as if it adsorbed on micropore. Since the closed bundled-SWCNTs form 
bundles with large number of tubes, contribution from the external surface is 
negligible. Accordingly the micropore volume shows agreement with that obtained 
by αS analysis. 
SWCNTs coalesce each other with annealing treatment, and transformation to 
nanotubes with much larger diameter. Since RBM frequency is directly related to 
nanotube diameter, annealing effect of Raman spectra at RBM frequency region was 
examined. Raman spectra of asSG-SWCNTs and highly bundled-SWCNTs annealed 
at 1773, 1873, 1973, 2073, and 2273 K are shown in Fig. 5.13 for 532 nm excitation 
and Fig. 5.14 for 633 nm excitation. The dotted lines indicate the RBM frequencies 
observed for unannealed samples. Diameters were evaluated by the equation given 
in Eq. (4.3). The coefficient α=227 [101] and 248 [99] nm cm-1 was used for 
asSG-SWCNTs and closed bundled-SWCNTs, respectively (in both cases β=0 cm-1). 
For closed bundled-SWCNTs, it is obvious that the RBM signals observed in 
unannealed sample become weakened and much wider tubes begin to grow up as 
the annealing temperature rises. On the other hand, asSG-SWCNTs hardly show 
any evidence of the RBM signal changes until the annealing temperature at 1973 K. 
Since the appearance of RBM signals is limited to the diameter narrower than 2 – 3 
nm and asSG-SWCNT sample shows broad diameter distribution with much wider 
diameters than closed bundled-SWCNTs [23], it is difficult to conclude that 
asSG-SWCNTs do not coalesce. However, most of the intense RBM signals 
corresponding to the diameter narrower than 1.6 nm (maximum diameter of closed 
bundled-SWCNTs) remain until 2073 K. Nanotubes of closed bundled-SWCNTs are 
tightly packed each other, so that intertubular C-C bonding can be easily induced 
Smicropore 
sample 
m2 g-1 
asSG-SWCNTs 1140 
oxSG-SWCNTs 2200 
closed bundled-SWCNTs 110 
opened bundled-SWCNTs 1020 
Table 5.3: Smicropore obtained by Eq. (5.4). 
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(a) (b) 
Fig. 5.13: Annealing effect of RBM frequency and corresponding tube diameter 
for (a) asSG-SWCNTs, (b) closed bundled-SWCNTs. The 532 nm excitation was 
used for acquiring the Raman spectra. The dotted lines indicate the RBM 
frequencies of the unannealed samples. 
Fig. 5.13: Annealing effect of RBM frequency and corresponding tube diameter 
for (a) asSG-SWCNTs, (b) closed bundled-SWCNTs. The 633 nm excitation was 
used for acquiring the Raman spectra. The dotted lines indicate the RBM 
frequencies of the unannealed samples. 
(a) (b) 
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by annealing at the appropriate temperatures. In this context, the Raman 
measurement results of asSG-SWCNTs imply that intertube distance is not 
sufficient for carbon atoms consisting each tube to make intertube bonding at 
annealing temperature under 2073 K. This speculation support the idea as already 
proposed by the N2 adsoption isotherm analyses: each nanotube consisting a 
bundle is loosely contact each other and most of the external surface is left open for 
N2 molecules, consequently the bundle structure of asSG-SWCNTs is undeveloped.    
As previously shown in Fig. 5.5, surface area depends on the number of tubes 
consisting a bundle. The plots of the estimated surface area given in Fig. 5.5 against 
number of tube consisting a bundle are shown in Fig. 5.15. To reproduce 
SG-SWCNTs and bundled-SWCNTs, the diameter of 2.75 and 1.38 nm are chosen 
for the calculation of surface areas (Fig. 5.15(a) and (b), respectively). The numbers 
of asSG-SWCNTs and oxSG-SWCNTs are estimated to be 1 and 3, respectively. For 
SG-SWCNTs, the estimated numbers of tube are likely to reproduce the 
experimental results. The number of opened bundled-SWCNTs is estimated around 
250, and it seems to be reasonable value for highly bundled nanotube. However, the 
number of closed bundled-SWCNTs is estimated to be much larger than 104. It does 
not agree with the estimated value for opened bundled-SWCNTs. Since the sphere 
(a) (b) 
Fig. 5.15: Estimation of a number of tubes consisting a bundle for (a) 
asSG-SWCNTs and oxSG-SWCNTs, (b) closed bundled-SWCNTs and opened 
bundled-SWCNTs. Open and closed circles indicate the closed-ended bundled 
SWCNTs and the open-ended bundled SWCNTs (see Fig. 5.5), respectively. The 
solid lines indicate the experimental values. The arrows indicate the estimated 
number of tube for each sample. 
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shape is assumed for “probe molecule” and only the geometry of tube are considered 
for the estimation, anisotropy of “probe molecule” should be take into account for 
reproduce the surface area of interstitial site, particularly for tube with diameter 
close to the size of “probe molecule”.   
 Since asSG-SWCNTs show less-bundled structures, it may be possible to control 
bundle structures of SWCNTs. Control of bundle structures of SWCNTs is important 
especially for engineering applications. Extremely strong and light tubes could be 
made up by SWCNTs with well-ordered and large number of nanotubes consisting a 
bundle. H2 and CH4 have been paid attention as futural energetic source, and 
elucidation of their adsorptivity on carbon nanotubes has been required. In this 
context, the control of aggregation structures of asSG-SWCNTs had been 
investigated by Mr. YAMAMOTO who had been the member in Prof. KANEKO’s 
laboratory. His experimental results also support the conclusion suggesting the 
less-bundled structures of asSG-SWCNTs as discussed in this thesis. The results of 
N2 adsorption analysis for the bundle-controlled asSG-SWCNTs are shown in 
Appendix 1.        
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Chapter 6 
 
SERS spectra of Single-wall 
carbon nanohorns 
 
Single-wall carbon nanohorn (SWCNH) has bent tubular structures with conical 
caps. The “bent” or “cap” structures could be comprised by the presence of 
non-hexagonal arrangements of carbon atoms (topological defects). This type of 
defects should change the local symmetry of nanotube whose ideal structure is 
made up by hexagonal carbon network. One possible technique to detect physical 
properties of matter localized in nano-scaled order is surface-enhanced Raman 
scattering (SERS). In order to elucidate the presence of topological defects on 
SWCNH more deeply, SERS was examined for SWCNHs.   
 
6.1 Samples and Experimental 
 
Dahlia-flower type SWCNH was used (asSWCNH) [10]. Since the pentagonal 
structures are slightly unstable than hexagonal structure, the cap structure and 
possibly other non-hexagonal structures can be removed by oxidation treatment 
with less damage of the tube walls [111-113]. The following procedure [111] was 
conducted for removing the topological defects. Before introducing O2 gas, the 
reaction cell was first substituted with Ar gas. After the temperature achieved to the 
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target temperature under Ar gas flow, O2 gas was introduced. AsSWCNHs were 
oxidized for 10 min in oxygen flow of 10 ml min-1 at 663 and 823 K (oxSWCNHs/663 
and ox-SWCNHs/823, respectively).  
The silver foil (purity 99.95%, 0.015 mm thickness) purchased from Wako Pure 
Chemical Industries, Ltd. was used for SERS-active metal. The SEM image of the 
silver foil is shown in Fig. 6.1. Since the roughness of the metal surface is required 
for SERS activity, the surface region indicated by the arrows in Fig. 6.1 is expected 
to be SERS-active site. In order to detect SERS signals from SWCNH(s), the surface 
of the silver foil was scanned with the incident laser of the Raman measurement 
system until the spot of the laser hits to SERS-active site with SWCNH(s). The silver 
foil was used after washing by ethanol with ultrasonication.  
0.5 mg of the samples were added in 12.5 ml of toluene, then the mixtures were 
sonicated for 5 min. The SWCNHs-dispersed toluene solution was dropped onto the 
silver foil under an ambient atmosphere and then toluene was evaporated. SWCNHs 
dispersed on the silver foil were pretreated using the in situ Raman cell (Japan High 
Tech Co. Ltd., model MVH-5) at 423 K under for 2 hours. Fig. 6.2 shows the 
appearance of the in situ Raman cell. Though the window to which the laser light 
passes through is made of quartz, it does not interfere Raman spectrum because the 
light is focused onto the metal surface.     
The single-monochromator micro Raman spectrometer using back-scattering 
configuration (JASCO NRS-3100) was used for Raman measurements. Raman 
measurements were carried out at ambient temperature in vacuo ( < 2×10-3 Pa) 
with 532 nm excitation (Nd:YAG laser). In SERS experiments, 20× long distance 
objective was used because of requirement for the in situ Raman cell. Raman 
Fig. 6.1: SEM images of the silver foil. Arrows indicate the expected SERS-active 
sites.   
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Fig. 6.2: In situ Raman cell (Japan High Tech Co. Ltd., model MVH-5). 
measurements were also conducted under the ambient condition by using 100× 
objective and 0.1 mW of the laser power (3×107 W m-2) for comparison with SERS 
spectra and normal Raman spectra. 
 
6.2 Results and Discussions 
 
Fig. 6.3 shows SERS spectra of asSWCNHs measured by 3 mW of the laser power 
(4×107 W m-2) with 10 sec collection time. Each SERS spectrum was measured at 
the same focal spot on the silver foil. It can be clearly seen in Fig. 6.3 that many fine 
signals, which are not observed in the normal (non-SERS) Raman spectra, are 
observed in the SERS spectra. Since SWCNHs are produced without any catalysts, 
the obtained SERS signals can be attributed to the vibrational frequencies from 
carbon structures.  
Though each SERS spectrum was obtained at the same focal spot of the laser light 
on the silver foil, the fluctuation of the peak positions and the intensities were 
observed. There is a time dependence of the SERS bands. This phenomenon is 
known as the blinking effect, and usually observed in detection of single-molecule 
level [14]. When a molecule is adsorbed on a SERS-active site (it is usually called 
“hot spot”), large signal intensities can be obtained [64]. “Hot spots” are not 
distributed on whole surface of the metal, that is, “hot spots” region is limited in 
very narrow space. One plausible interpretation for blinking effect may stem form 
the diffusion of the adsorbed molecule apart from the “hot spot” [59, 61, 64]. Extend 
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this idea to the solid surface (SWCNH), it can be assumed that the local structures 
near the “hot spots” of the metal vary with time, and give rise to the spectral 
fluctuation. What kind of local structures can be fluctuated on single rolled up 
graphene structures? There are strong experimental evidences by high resolution 
TEM (HRTEM) that pentagons or heptagons can dynamically migrate on the single 
graphene layer [11, 12, 114]. Atomic rearrangements should be occurred within a 
Fig. 6.3: SERS spectra of asSWCNHs in (a) 100-1200 cm-1 and (b) 1000-1900 cm-1
region, measured by 3 mW of the laser power with 10 sec collection. The 532 nm 
excitation was used for the measurements. The non-SERS spectra are also shown
in the bottom of each spectrum for comparison. The bars indicate the theoretically 
calculated Raman frequencies of graphite (top) [89], SW defect (middle) [116], and 
the SWCNT-IMJs (bottom) [116]. The Raman frequencies of SWCNT-IMJs at 
200-1200 cm-1 are not shown because there is no notification in the literature 
[116]. The dotted lines indicate the vibrational modes localized on the heptagons. 
The observed peaks shown in the arrows can be associated to the cap derived RBM 
[13].   
(a) (b) 
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few nanoseconds [114, 115], however, intermittent rearrangements can be observed 
in time scale of a few seconds [11, 12, 114]. The SERS spectra given in Fig. 6.3 were 
recorded in 10 sec collection time, and the three spectra shown are selectively 
chosen for clarity. Fluctuation of the SERS spectra could be observed even in order 
of a one second. Blinking effect observed in the SERS spectra of asSWCNHs could 
be associated with that observed in HRTEM images.  
In order to clarify the origin of the obtained SERS signals, the SERS signals are 
compared with the theoretically calculated Raman spectra, which are based on the 
structures with the topological defects [116]. The model structures used for the 
calculations [116] are shown in Fig. 6.4. Wu and Dong [116] postulated the model 
structures of graphene with Stone-Wales defect (SW defect) and the seamless 
SWCNT connected by two SWCNTs ((10, 10) and (17, 0)) with pentagons and 
heptagons (they called this structure as the SWCNT intramolecular junctions 
(SWCNT-IMJs)) shown in Fig. 6.4(a) and (b), respectively. The calculated Raman 
frequencies are shown in Fig. 6.3 by the bars. The calculated Raman frequencies for 
graphite [89] are also shown in Fig. 6.3 for comparison. Since the calculated G+ 
modes (E2g) are 1691 and 1626 cm-1 for (10, 10) and (17, 0) SWCNT, respectively, 
Raman frequencies of SWCNT-IMJs should be red shifts for ~40-100 cm-1 for 
comparison with the experimental value (1590 cm-1). In this study, maximum shift 
expected from the above estimation is adopted. In the case of graphene with SW 
defect, no shifts are required because the calculated G band frequency of perfect 
graphene is 1591 cm-1 (experimentally observed G-band is 1580 cm-1 for graphite).  
For first approximation, the localized modes on the pentagons or heptagons are 
paid attention. The predicted localized modes are summarized in Table 6.1. The 
exact assignment of the fine SERS signals is difficult due to fluctuation of the 
spectra. However, it is possible to note the similarity of the Raman feature between  
Fig. 6.4: The model structure used for the calculation [116]. (a) Graphene with 
SW defect and (b) the SWCNT connected by SWCNTs ((10, 10) and (17, 0)) with 
pentagons and heptagons (SWCNT-IMJs).  
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the calculated spectra for graphene with SW defect and the SWCNT-IMJs and the 
experimental results if attention is especially given to the modes localized on the 
topological defects. In Fig. 6.3, localized modes on the heptagons are shown in the 
dotted lines. Some of the SERS peaks localized on the heptagons are weak but 
observable. Most distinct peaks due to the presence of pentagon or heptagon may be 
observed at 1100-1200 cm-1. In this frequency region, graphite does not show any 
signals and only localized modes on SW-defect are predicted. The observed SERS 
signals are 1148 and 1167 cm-1, and corresponding modes may be present at 1129 
and 1180 cm-1. The eigenvectors of these modes are shown in Fig. 6.5. Another 
characteristic modes localized on heptagons are predicted around D-band region 
(1350 cm-1), both for graphene with SW defect and the SWCNT-IMJs. Except for 
D-band, there are no peaks predicted for graphite. SERS spectra shown in Fig. 
6.3(b) show the many fine signals around this region, and it can be tentatively 
assigned to the localized modes on heptagons. The eigenvectors for SW defect and 
SWCNT-IMJs are shown in Fig. 6.6 and Fig. 6.7, respectively. 
Vandescuren et al. reported the vibrational density of state (VDOS) of SWCNTs 
and graphene with SW defect [117]. Every peaks obtained in the VDOS are not 
Raman active and it cannot be directly compared with Raman spectra, however, 
some of the peaks are likely to be associated with the peaks calculated by Wu and  
localized state SW defect SWCNT-IMJs 
pentagon 1505 1713 
 1706 1749 
 1708 1848 
 1710 1922 
 1726 1924 
 1820  
heptagon 597 1352 
 1129 1394 
 1180  
 1298  
 1338  
 1356  
Table 6.1: Some localized modes on the topological defects [116]. The predicted 
frequencies of SWCNT-IMJs are red shifted for 100 cm-1. 
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Fig. 6.6: The localized modes on heptagons of SW defect. The mode predicted at 
(a) 1298 cm-1, (b) 1338 cm-1, and (c) 1356 cm-1 [116]. The intense atomic
displacements are only shown for clarity. 
Fig. 6.5: The localized modes on heptagons of SW defect. The mode predicted at 
(a) 1129 cm-1 and (b) 1180 cm-1 [116]. The intense atomic displacements are only 
shown for clarity.  
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Dong [116]. According to the calculation by Vandescuren et al [117], the 
characteristic vibrational mode related to SW defect is found at 1020 cm-1 for the 
SWCNT with the diameter less than 1.37 nm ((10, 10)). For much wider the tube ((50, 
50) SWCNT) and the graphene, the peak downshifts to 1011 cm-1. They assigned 
this peak to the vibrational mode “polarized along the circumferential direction, as if 
the Stone-Wales bond were oscillating around its center [117]”. This peak seems to 
be associated with the vibrational mode predicted by Wu and Dong at 1180 cm-1 (Fig. 
6.5(b)). The simple model structure for the SW defect (azupyrene) also shows the 
peak at 1066.93 cm-1 (Fig. 6.8)1. Though the model structure is terminated with 
hydrogen atoms, the atomic displacements fairly resemble the predicted mode by 
Wu and Dong [116] and Vandescuren et al [117]. The SERS signal observed at 1167 
cm-1 is the strong evidence of probing SW defect on asSWCNHs.  
One of the pentagon-localized modes predicted at 1505 cm-1 (Table 6.1) seems to 
be observed in the SERS spectra, however, other pentagon-derived modes at the 
higher frequency region ( > 1600 cm-1) are absent. Rocquefelte et al. reported the 
phonon modes of hypothetical Haeckelite structures (planer graphene structures 
with pentagons and heptagons which slightly differ form SW defect) [118]. According 
to their calculations, the localized modes on heptagons are observed in 1432.8, 
1446.8, and 1452.5 cm-1 [117]. The predicted peak positions depends on the model 
structures, however, the pentagon-derived mode seems to appear around 1440 cm-1. 
Since C60 also shows strong Raman band around this region (Ag2 at 1467 cm-1), they 
1Further frequency values of the simple model of the SW defect are given in Appendix 2. 
Fig. 6.7: The localized modes on heptagons of the SWCNT-IMJs. (a) The mode 
predicted at (a) 1352 cm-1 and (b) 1394 cm-1 [116]. The intense atomic 
displacements are only shown for clarity. 
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associated the predicted peaks with the pentagonal pinch mode of C60. Since 
Haecklite structures are hypothetical and differ from the hexagonal network, it is 
unlikely to assign the SERS signal observed at 1490 cm-1 directly to this mode. 
There are two possible assignments for this peak; (1) the localized mode on the 
pentagon of SW defect predicted by Wu and Dong [116], (2) cap derived pentagonal 
pinch mode.  
For the first case, the problem is why other peaks localized on pentagon are not 
observed. The phenomenological information at the “hot spots” is still speculative 
and obscure. Since SERS activity depends on the pair of sort of metal (and its 
geometrical structure) and excitation energy of incident light. In this study, the 
uncontrolled silver surface with some roughness and 532 nm excitation was chosen. 
Since selective enhancement of the particular modes is usually explained by charge 
transfer mechanism [63], the SERS measurements with other excitation energies 
are required for further confirmation.  
The second case is much more plausible assignment because the SERS spectra 
show the signals around 200-400cm-1 (shown in the arrows) which can be assigned 
to the vibrational mode of the cap structures. According to the investigation by 
inelastic electron tunneling spectroscopy (IETS) [13], the cap structure of the 
SWCNT shows the characteristic vibrational mode related to the RBM of C60 (Ag1 at 
495 cm-1). Hereafter, cap-derived RBM and tube-derived RBM are denoted as 
RBMcap and RBMtube, respectively (see Chapter 4). Their experimental result shows 
Fig. 6.8: The calculated vibrational mode at 1066.93 cm-1 for the simple model 
structure of the SW defect (azupyrene). Black and white balls indicate carbon and 
hydrogen atoms, respectively. The frequency was calculated by using Gaussian 
package (Gaussian 03W) [93]. Density functional theory (DFT) method was carried 
out with B3LYP/6-31+G (d, p) for geometry optimization and frequency 
calculation. 
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that the RBMcap frequency for the SWCNT (dt=1 nm) is 234 cm-1 (29 meV). They also 
calculated the RBMcap of (5, 5) SWCNT (dt=0.688 nm), and obtained the vibrational 
frequency of 476 cm-1 (59 meV). Since RBMtube depends on tube diameter, RBMcap 
frequency is expected to show some diameter dependence. Here, the RBMcap 
frequencies of four SWCNTs with different diameters were calculated by using 
Gaussian package (Gaussian 03W) [93]. DFT method was carried out with 
LSDA/3-21G for geometry optimization and frequency calculation. The model 
structures are shown in Fig. 6.9. Each structure is consisted of the cap structure 
with the short tube part (one hexagon toward the tube axis). The cap of (5, 5) (9, 0) 
and (10, 0) SWCNTs can be made up by the hemisphere of C60. The cap structure of 
(6, 6) SWCNT is slightly different from the others. The tip of the cap includes the 
distorted coronene structure. Every cap structure in Fig. 6.9 is constructed by six 
pentagons. It should be noted that the pentagons consisting the caps have to be 
distinguished from the pentagons consisting on the wall of the tube (e.g., SW 
defect). 
The calculated RBMtubes and RBMcaps are shown in Fig. 6.10. Since hydrogen 
atoms are directly bonding to the tube part, the calculated RBMtubes frequencies 
show slight downshifts from the curve which display the relation of ωRBM=248/dt 
[99]. However, it still shows the relationship of ωRBM∝1/dt. For the (5, 5) SWCNT, 
the RBMcap frequency is 482 cm-1 and close to the reported value (476 cm-1) [13]. It 
may indicate the less affect from hydrogen atoms at the cap regions. Every RBMcap  
 
Fig. 6.9: The model structures used for the RBMcap calculations. The edges are 
terminated by hydrogens. Left and right side of each model view from top and 
side of the tubes, respectively.  
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frequency slightly decreases from that of C60. Its dependence on tube diameter is 
obscure. It seems that the RBMcap does not show 1/dt dependence as seen in the 
RBMtube. In the case of (5, 5) and (10, 0) SWCNTs, which show pentagonal 
arrangement at the tip of the cap region (corannulene-like geometry), the frequency 
decreases when the tube diameter decreases. On the other hand, (6, 6) and (9, 0) 
SWCNTs, which show hexagonal arrangement at the tip, show opposite relation. 
Considering the experimental results obtained by IETS, tube diameter dependence 
of RBMcap frequency is hardly acquired. Since the tip structure of (6, 6) SWCNT 
shows coronene-like structure, it should be treat as different cap structure from (9, 
0) one. RBMcap frequency may be strongly sensitive to the geometry at the cap 
region, and it may not be categorized simple by tube diameter.  
Since the tube diameter of asSWCNHs is 2-5 nm [10], the RBMtubes should not be 
observed at 200-400 cm-1. Furthermore, even for SWCNTs having such a large 
diameter, RBMtube is hardly observable by Raman measurements. The SERS spectra 
clearly show the peaks at 234, 350, and 400 cm-1 (and weak signals around 300 
cm-1 were also observed). When the RBMcap is taken into account, these SERS 
signals can be attributed to the vibraional modes related to the cap structures. 
Accordingly, the SERS signal at 1490 cm-1 can be assigned to the pentagonal pinch 
mode of the cap structure. This mode can be found in the calculation of (5, 5) and 
Fig. 6.10: (a) The calculated RBMcaps (●) and RBMtubes (○). The circle with cross 
indicates the RBMcap frequency observed by IETS [13]. The solid line indicates 
the relation between RBMtube and diameter (ωRBM=248/dt) [99]. The frequency of 
Ag1 mode for C60 is shown in the dotted line. (b) The eigenvectors of RBMcap for (5, 
5) SWCNT. 
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(10, 0) SWCNTs at 1512 and 1504 cm-1, respectively. On the other hand (6, 6) and (9, 
0) SWCNTs do not show this mode.  
We could obtain much obvious SERS spectra with using much higher laser power. 
Fig. 6.11 shows the SERS spectra of asSWCNHs measured by 10 mW of the laser 
power (1×108 W m-2) with 10 sec collection time. The localized modes on heptagons 
(dotted lines) and RBMcaps (arrows in Fig. 6.11(a)) were obviously observed in the 
Fig. 6.11: SERS spectra of asSWCNHs in (a) 100-1200 cm-1 and (b) 1000-1900 
cm-1 region, measured by 10 mW of the laser power with 10 sec collection. The 
532 nm excitation was used for the measurements. The non-SERS spectra are 
also shown in the bottom of each spectrum for comparison. The bars indicate the 
theoretically calculated Raman frequencies of graphite (top) [89], SW defect 
(middle) [116], and the SWCNT-IMJs (bottom) [116]. The Raman frequencies of 
SWCNT-IMJs at 200-1200 cm-1 are not shown because there is no notification in 
the literature [116]. The dotted lines indicate the localized modes on heptagons. 
The arrows in (a) indicate the RBMcaps, and in (b) the unobserved peaks in Fig. 
6.3(b). The asterisks indicate the pentagonal pinch mode derived from the cap 
srtructure.  
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SERS spectra. In addition to the RBMcaps, the pentagonal pinch mode of the cap 
structure could be observed (asterisks). It may indicate that some of the probed cap 
structures of asSWCNHs are composed of the C60 hemispheres. The calculated 
RBMcap frequencies of the C60 caps (Fig. 6.10) show the tendency of slight downshift 
from the RBM of C60 (Ag1 at 495 cm-1). The intense RBMcap frequencies observed in 
Fig. 6.11 (a) are in the range of 430-480 cm-1. The SERS peaks at 470, 475, and 483 
cm-1 exhibit the presence of the C60 caps.  
The localized modes on heptagons are likely to be selectively enhanced when 
much higher laser power was used. This phenomenon is unusual for normal Raman 
measurements because every Raman signal should be equally increased with laser 
power increase. It may give the supporting evidence for charge transfer mechanism.   
The fluctuation of the SERS spectra was also observed when 10 mW of the laser 
power was used. This laser power is too high to measure Raman spectrum of 
SWCNHs under the atmosphere with oxygen. It should be confirmed that the 
fluctuation stem from the migration of the topological defects, and not from the 
decomposition of SWCNHs. The local temperature induced by the laser were 
estimated at ~560 K for the laser power of 10 mW under ambient condition. The 
temperature should be much higher than ~560 K at vacuum condition. However, 
SWCNHs are contacted with silver surface, so that heat could be readily conducted 
through the silver surface.  The melting point of silver is 1235 K [119], however, 
there were no microscopic changes of the silver surface under measurement 
atmosphere ( < 2×10-3 Pa). Since SWCNH can sustain its characteristic structures 
(e.g., horn shape) under the annealing temperature at 1473 K [107], the local 
temperature at the SWCNH-dispersed silver surface is not so high for destruction of 
SWCNHs.  
In Fig. 6.11(b), the SERS spectra show some obvious signals above 1600 cm-1 
(around 1660, 1680, and 1700 cm-1). These peaks are unclear for the SERS spectra 
obtained with 3 mW measurements. Since all of the modes localized on pentagons 
are missing and those of heptagons seems to be selectively enhanced in our results, 
it can be deduced that the SERS signals around 1660, 1680, and 1700 cm-1 could 
be assigned to the modes associated with heptagon.  
Our calculation for azupyrene (simple model for SW defect, see Fig. 6.8) exhibits 
the peaks at 1619.49 and 1660.08 cm-1. The eigenvectors of these modes are shown 
in Fig. 6.12. Similar mode is predicted at 1820 cm-1 by Wu and Dong [116] (Fig. 
6.13). The intense displacements in Fig. 6.13 are on the center of the SW defect. 
Since some weak displacements are localized on pentagons, the mode at 1820 cm-1 
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is classified into one of the pentagon localized modes [116]. When we focus attention 
on the displacements on the two carbon atoms connecting two heptagons, this 
mode can be said as heptagon localized mode. As seen in the calculation of the 
RBMtube, presence of -C-H bonding may downshift the expected peak that does not 
have bonding with hydrogen. Considering the effect of hydrogen, the calculated 
peaks at 1619.49 and 1660.08 cm-1 could be experimentally observed at much high 
frequency region. Some of the SERS signals above 1600 cm-1 may be assignable to 
the modes shown in Fig. 6.12, however, this assignment is still speculated. Further 
information (e.g., modes of other structures) may be required. 
The non-hexagonal structures are slightly unstable than hexagonal one [111-113]. 
Fig. 6.12: The calculated vibrational modes at (a) 1619.49 and (b) 1660.08 cm-1
for azupyrene. Black and white balls indicate carbon and hydrogen atoms, 
respectively. The calculation method is given in Fig. 6.5. 
Fig. 6.13: The predicted vibrational mode at 1820 cm-1 [116]. Only the most 
intense displacements are shown. Some weak displacements are localized on 
pentagons (not shown). 
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Oxygen could react selectively on the non-hexagones when reaction temperature is 
carefully controlled [111]. It generates the “hole” called “nanowindows” [120] on the 
wall of SWCNH. Fig. 6.14 and Fig. 6.15 show the SERS spectra of oxSWCNHs/633 
and oxSWCNHs/823, respectively. The SERS spectra were recorded by 3 mW of the 
laser power (4×107 W m-2) with 60 sec collection time. It could be obtained the 
SERS signals with the order of 10 sec collection time, however, the intensities were 
much weaker than those observed in asSWCNHs. For this reason, 60 sec collection 
time was adopted for oxSWCNH samples.  
For oxSWCNHs/663, the SERS signals associated with the topological defects are 
still observable, however, most of the SERS signals of oxSWCNHs/823 become 
obscure particularly for the modes related to the topological defects. The localized 
modes on heptagons around D-band region (~1350 cm-1) seem to disappear, and 
only D-band centered at 1340 cm-1 was observed. According to N2 adsorption 
Fig. 6.14: SERS spectra of oxSWCNHs/663 in (a) 100-1200 cm-1 and (b) 
1000-1900 cm-1 regions. Each spectrum was recorded with 532 nm excitation. 
The non-SERS spectra are shown in the bottom for comparison. The bars 
indicate the calculated Raman frequencies of graphite (top) [89], SW defect 
(middle) [116], and the SWCNT-IMJs (bottom) [116]. The dotted lines and the 
arrows indicate the localized modes on heptagons and the RBMcaps, 
respectively.   
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isotherms on the oxSWCNH samples [111], oxidation of asSWCNHs at 663 K gives 
the partial opening of the wall of SWCNHs. The BET specific surface area increases 
with increasing the oxidation temperature up to 823 K, and goes down at much 
higher temperatures. It indicates that oxSWCNHs/823 have less topological defect 
sites than asSWCNHs and oxSWCNHs/633, consequently the topological defects 
may have less opportunity to interact with the silver surface. The oxidation 
treatment may break up the heptagons and the cap structures, and produces some 
kind of oxygen-derived functional groups. There are no longer the topological 
defects.  
 The disappearance of the SERS signals associated with the SW defect may 
indicate that such defect is inherently present in asSWCNHs. It is not the 
consequence of the defect-inducing on the hexagonal structure by the incident light, 
at least with the laser power of 3 mW.  
The SERS peaks at 1500-1600 cm-1 are still observable ever for oxSWCNHs/823. 
Fig. 6.15: SERS spectra of oxSWCNHs/823 in (a) 100-1200 cm-1 and (b) 
1000-1900 cm-1 regions. Each spectrum was recorded with 532 nm excitation. 
The non-SERS spectra are shown in the bottom for comparison. The bars indicate 
the calculated Raman frequencies of graphite (top) [89], SW defect (middle) [116], 
and the SWCNT-IMJs (bottom) [116]. The dotted lines indicate the vibrational 
frequencies of the localized modes on heptagons. 
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Since G-band of SWCNHs was observed at 1591 cm-1, one of the SERS peaks close 
to 1590 cm-1 should be assigned to G-band. However, other SERS peaks are still 
under investigation at the moment. It should be proposed two prospective 
assignments for these peaks before close this chapter. (1) SWCNTs show G--bands 
at this region. G--band depends on the tube diameter (see Chapter 4.4), and its 
frequency gets close to G+-band with diameter increase. The diameter of SWCNHs 
gradually becomes narrower toward the edge region. Since SERS could be occurred 
at local area near a metal surface, G--bands originated from the edge region may be 
detectable. (2) The frequency of G-band is sensitive to the structure of graphite [79, 
121-123]. For example, natural graphite exhibits the G-band at 1580 cm-1, 
1569-1577 cm-1 for carbon nano-onions [122], 1598.2 cm-1 for the cup stack CNTs 
[123]. Even for the classical graphitic materials, it varies from 1570 to 1600 cm-1 
[121]. Since the tubular structure of SWCNHs is complicated, G-band may exhibit 
several frequencies at the local structure level.     
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Chapter 7 
 
SERS spectra of Carbon nano- 
tubes 
 
It should be mentioned first that our experiments are not the first case for 
measuring SERS spectra of carbon nanotubes (CNTs). Some reports are focused on 
the mechanism of surface-enhanced Raman scattering (SERS) itself [124-127], or 
using SERS to elucidate the characteristic Raman features related to the unique 
electronic properties of SWCNTs [128] or to confirm the theoretically predicted 
Raman frequencies for perfect SWCNTs [129]. Some reports show the possibility of 
SERS to probe individual SWCNTs [130-132] and MWCNTs [133]. There is a report 
for probing the radial breathing mode from the innermost tube of the MWCNTs [134]. 
We could not find any “unusual” signals from above references, and allowedly SERS 
peaks are assigned to the modes of perfect nanotubes.  
There are several reports offering interesting SERS spectra of SWCNTs [135-138]. 
It shows the fine SERS signals around D-band region. The authors attributed these 
peaks to the defects, and their assignments were the splitting of D-band. Certainly 
D-band indicates the presence of some kind of defects, however, D-band is the 
vibrational mode associated with the perfect SWCNTs.  
As already discussed in Chapter 6, SERS spectra of single-wall carbon nanohorns 
show the evidence of the topological defects. In this chapter, it is demonstrated that 
the SERS signals of some CNTs exhibit good agreement with those observed in 
asSWCNHs, and the highly crystallized samples show similar SERS spectra as can 
be seen in the literatures [124-132]. It means both perfect and defective regions on 
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CNTs are observable by SERS.      
 
7.1 Samples and Experimental 
 
The CNT samples used in this study are summarized in Table 7.1. The purified 
SWCNTs produced by the laser ablation method (LA-SWCNTs) were provided by Dr. 
K. Takahashi (Institute of Research and Innovation, Japan). Both the purified 
SWCNTs produced by the arc discharge method (Arc-SWCNTs) and the purified 
MWCNTs produced by the CVD method (MWCNTs) [141] were obtained from ILJIN 
Nanotech Co. Ltd. (Korea). The purified SWCNTs produced by HiPco method 
(HiPco-SWCNTs) were obtained from Carbon Nanotechnologies Inc. (USA). The 
SWCNTs produced by Super growth method (SG-SWCNTs) were provided by Dr. K. 
Hata (National Institute of Advanced Industrial Science and Technology, Japan) [23]. 
The DWCNTs produced by the CVD method (DWCNTs) were provided by Prof. M. 
Endo (Shinshu University, Japan) [30]. 
Since SWCNTs produced by HiPco method usually show defective structures, 
annealed effect was examined for HiPco-SWCNTs by means of SERS. The in situ 
Raman cell (Fig. 6.2) was used for annealing treatments. The sample was annealed 
at 1173, and 1473 K under 2×10-3 Pa. Hereafter, the annealed samples are denoted 
as annealed HiPco-SWCNTs/temperature. 
 
 
synthesis method catalyst catalyst content / % 
SWCNT 
Laser ablation Co-Ni ～10 
Arc discharge - < 1.3 [139] 
HiPco Fe(CO)5 ～10 [140] 
Super growth [23] Fe-Mo 0.99 
DWCNT [30] 
CVD Fe/MgO - 
MWCNT [141] 
CVD Fe/MgO 5-10 
Table 7.1: The CNT samples used in this study. 
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SERS measurements were conducted by the same way shown in Chapter 6, except 
for the dispersion method of SWCNT samples; 0.5 mg of the samples were added in 
12.5 ml of trichloroethylene, then the mixtures were sonicated for 30 min. The laser  
power and the collection time were 3 mW (4×107 W m-2) and 10 sec for every SERS 
measurement. 
 
7.2 Results and Discussions 
 
Three types of the spectra were measured for LA-SWCNTs with scanning on the 
silver surface. (1) No signals were observed. Since the Raman spectrum of the silver 
foil used as SERS-active metal does not show any peaks at 100-1900 cm-1, it 
indicates that no LA-SWCNTs are on the silver surface where the laser spot is 
focused, or there is a few nanotubes on there but not on the SERS-active site. (2) 
The SERS spectra similar to the non-SERS spectrum were observed. (3) The SERS 
spectra with many fine peaks were observed. The first case is insignificant. It should 
not be taken into account for further investigation. Hereafter, the second and third 
cases are discussed in detail. 
Fig. 7.1 shows the SERS spectra and the non-SERS spectra of LA-SWCNTs. Peak 
intensity is normalized for clarity. Two RBM frequencies were observed at 179 and 
190 cm-1 in the SERS spectrum. The full width at half maximum (FWHM) is 14 cm-1 
for each peak. The non-SERS spectrum shows the peaks at 174 and 187 cm-1 with 
FWHM of 14 cm-1. The RBM frequencies and FWHMs observed in the SERS 
spectrum are almost identical to those in the non-SERS one.  
The peak position of G+-band is1592 cm-1 for the SERS signals and 1594 cm-1 for 
the non-SERS signal. Clear difference was obtained in the FWHM of G+-bands (inset 
of Fig. 7.1(b)). The G+-band from the non-SERS spectrum shows the FWHM of 17 
cm-1, on the other hand the SERS spectrum shows 9.6 cm-1. Since FWHM is 
proportional to the reciprocal of phonon lifetime and presence of defects reduces 
phonon lifetime [142], the increase of the FWHM may indicate the longer phonon 
lifetime than the bulk one. The SERS spectra in Fig. 7.1 could be the consequence of 
probing the highly crystallized region of LA-SWCNTs. The narrowing of G+-band 
seems to be asymmetric, and it may support the above speculation [142].  
Relative intensities of G--bands against G+-band are much weaker in the SERS 
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spectrum. The spectrum from the bulk sample includes the contribution form large 
number of nanotubes than that of the SERS. Furthermore, the diameter (or 
chirality) distribution on the area probing by SERS may differ from that of the bulk 
one. It may be one of the reasons for the weakening of G--bands intensities. The 
FWHM seems to depend on the vibrational directions. It should be noted that only 
the mode displacing atoms toward the tube direction (G+-band) shows the reducing 
of FWHM, and the other modes (RBM: displacement toward perpendicular to the 
tube axis, G--mode: displacement toward the circumference direction of the tube) do 
not show such reducing. It may relate to the anisotropic structure of SWCNTs. 
Further investigation is required to clarify this phenomenon. 
Fig. 7.2 shows the SERS spectra of LA-SWCNTs probed at different area on the 
silver surface. The RBM frequencies are almost identical, indicating the narrow 
diameter distribution of the sample. Though the diameters of the probed nanotubes 
are almost identical, G+-bands shows slight difference (⊿ω=3 cm-1). G+-band 
frequency is independent on tube diameter, however, slight variation (within ±5 
cm-1) is predicted [95]. It indicates that SWCNTs, which cannot be distinguished 
Fig. 7.1: SERS spectra of LA-SWCNTs (solid) and the non-SERS spectra (dotted) 
at (a) 100-1200 cm-1 and (b) 1000-1900 cm-1 regions. The insets highlight at (a) 
100-300 cm-1 and (b) 1500-1700 cm-1 regions. The high crystallinity region of 
LA-SWCNTs is probed by SERS.   
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solely by RBM frequency (diameter), could be distinguished by SERS.  
Fig. 7.3 shows the SERS spectra of LA-SWCNTs exhibiting many fine peaks. Most 
of the observed SERS peaks show agreement with those observed in SERS spectra 
of asSWCNHs. The SERS spectra of LA-SWCNTs also show the spectral fluctuation 
with time. The localized modes on heptagons are obsereved, however, the pentagon 
modes are absent. In the case of LA-SWCNT, the non-SERS spectrum shows 
RBMtubes around 180 cm-1. In addition to the RBMtube, some weak SERS signals 
were observed at 400-500 cm-1. These can be assigned to the RBMcap because we 
alreadly confirmed the presence of the cap structures by N2 adsorption analysis in 
Chapter 5. Furthermore, the pentagonal pinch mode was observed. Presence of 
theses peaks indicates that the topological defects could be inherently exist on the 
gsingle graphene wall of LA-SWCNTs. 
The SERS spectra of Arc-SWCNTs show interesting phenomenon. The SERS 
spectra shown in Fig. 7.4 were recorded form the bottom to the top at the same 
measuring area. The SERS signals which could be ascribed to the topological defect 
suddenly appeared, and a few tens seconds later disappeared. Similar phenomenon 
can be seen in the HRTEM observations of graphene membrane [12]. The SW defects 
Fig. 7.2: SERS spectra measured at different areas on the silver surface. Those 
are distinguished by open or closed circles. Solid lines shown in (b) are the fitting 
curves by lorentzian line shape for G+-bands.  
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are suddenly appeared on the hexagonal lattice of graphene due to the irradiation of 
electrons. In SERS experiments, the photon irradiation is not so high energy than 
electron irradiation (the TEM observations were operated at 80 kV [12]). The 
inherently existing topological defects may migrate and accidentally pass through 
the SERS-active site.  
First and third SERS spectra in Fig. 7.4 show the broad G--band. It can be 
attributed to the BWF line, which is observed when SWCNT exhibits metallic 
Fig. 7.3: SERS spectra of LA-SWCNTs with many fine peaks at (a) 100-1200 cm-1
and (b) 1000-1900 cm-1 region. The non-SERS spectra are also shown in the 
bottom of each spectrum for comparison. The bars indicate the calculated 
Raman frequencies of graphite (top) [89], SW defect (middle) [116], and the 
SWCNT-IMJs (bottom) [116]. The Raman frequencies of SWCNT-IMJs at 
200-1200 cm-1 are not shown because there is no notification in the literature 
[116]. The dotted lines indicate the vibrational modes localized on the heptagons. 
The observed peaks shown in the arrows can be associated with the cap derived 
RBM [13].   
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behavior. After a few tens seconds, the SERS spectrum returned to the spectrum 
similar to that for semiconducting SWCNTs. Assuming that every SERS signal stem 
from the identical Arc-SWCNTs, the presence of BWF line may indicate electron 
transfer from or to the silver. Since the energy of the incident light is 2.33 eV, energy 
gap between the valence bands of the SWCNTs or the silver and the conduction 
bands of the silver or the SWCNTs could be near 2.33 eV, leading to resonance 
Raman scattering. It is difficult to distinguish which mechanisms are contributed to 
SERS. Both electromagnetic and charge transfer mechanisms could occur at the 
same time in SERS measurements. It seems that charge transfer is dominant in the 
case of Arc-SWCNTs. However it cannot explain the spectral change to 
semiconducting feature. Since presence of the topological defects on a SWCNT could 
change the electronic property of perfect SWCNT [143], the topological defects which 
are not in the SERS-active site may affect the electronic properties of the SWCNTs. 
Interestingly, the metallic behavior of the SERS spectra were observed before and 
soon after the SERS spectrum exhibiting the defect-associated signals. It could be 
Fig. 7.4: SERS spectra of Arc-SWCNTs. The non-SERS spectrum is shown in the 
bottom for comparison. The peak form cosmic ray is indicated by asterisk. This 
peak is not from the sample. 
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the evidence of the presence of the topological defects varying the electronic 
properties of the SWCNTs.   
LA- and Arc-SWCNTs are usually said to be highly crystallized samples. 
Crystallinity can be evaluated by SEM, TEM, and non-resonance Raman 
spectroscopy (intensity ratio of G-band against D-band (G/D ratio) is widely used 
for quantitative estimation of defects). We had shown that SERS can reveal the 
presence of the defects even for the less defective SWCNTs. It indicates that SERS 
can be used for the evaluation of the local crystallinity distribution of SWCNTs. 
HiPco- and SG-SWCNTs can be classified into less crystallinity SWCNTs because 
both TEM and G/D ratio show the defective features. It has been shown that planer 
graphitic structure can be much crystallized by annealing treatments. In the case of 
SWCNT [108, 109], SWCNT starts coalescence at ~1600 K, then transforms into 
MWCNT at ~1900 K. Finally it turns out to be graphite-like structures at ~2500 K. 
Coalescence could be a main key for further understanding of the topological 
defects. According to the molecular dynamic simulations [6, 143], the 
non-hexagonal structures are emerged at 1273 K during the coalescence of 
SWCNTs. In order to clarify this simulation results, the annealed HiPco-SWCNTs at 
slightly lower temperatures than the coalescence temperature were examined by 
SERS. 
Fig. 7.5(a) shows SERS spectra of annealed HiPco-SWCNTs/1173, 1473. 
Non-SERS spectra for each sample are shown in Fig. 7.5(b) for comparison. Since 
diameter changes by the annealing were not observed (inset in Fig. 7.5(b)), 
HiPco-SWCNT samples did not coalesce at the annealing temperature under 1473 K. 
Though every sample shows the SERS signals from the topological defects, annealed 
HiPco-SWCNTs/1473 shows much more pronounced SERS signals (highlighted by 
the dotted square) than the others. The SERS signals of the non-hexagonal 
arrangements particularly for SW defect (1100-1200 cm-1) are considerably 
emphasized by the annealing treatment. It indicates that annealing treatment at 
1473 K generates SW defects. This phenomenon seems to be unusual for classical 
graphitic materials, however, there are some experimental evidences implying the 
necessity of annealing treatments [6, 114, 144, 145]. Since tube coalescence is not 
obvious at 1473 K, this temperature is not sufficient for breaking of C-C bonds to 
produce dangling bonds, which could reconstruct C-C bonds between adjacent 
SWCNTs. However, it could overcome the activate energy that drives the 
rearrangements of intratubu C-C bonds, producing non-hexagonal arrangements 
on the tube wall. 
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The SERS spectra of SG-SWCNTs show the similar tendency observed in the 
SERS spectra probing the defects (Fig. 7.6). The N2 adsorption analyses revealed 
that SG-SWCNTs exhibit the less-bundled structure and the presence of the cap 
structures. Most of the RBMtube observed in the non-SERS spectrum are absent in 
the SERS spectra, except for the peak at 186 cm-1. It indicates that the nanotubes 
are much more dispersive on the silver surface because SG-SWCNTs are expected to 
pack not so tightly each other. In other words, the number of nanotubes in the 
probing SERS-active sites could be much less than the other nanotube samples.  
Fig. 7.5: (a) SERS spectra of HiPco-SWCNTs and annealed HiPco-SWCNTs. The 
numbers indicatethe annealing temperatures. The bars indicate the calculated 
Raman frequencies of graphite (top) [89], SW defect (middle) [116], and the 
SWCNT-IMJs (bottom) [116]. The Raman frequencies of SWCNT-IMJs at 
200-1200 cm-1 are not shown because there is no notification in the literature 
[116]. The pronounced signal enhancements observed in annealed 
HiPco-SWCNTs/1473 are highlighted by the dotted square. (b) The non-SERS 
spectra of annealed and unannealed HiPco SWCNTs. Inset shows the non-SERS 
spectra at RBM region. The spectra line up at the same order.   
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The SERS peak at 186 cm-1 can be assigned to the RBMtube (dt=1.22 nm). The 
sharp SERS signal at 350 cm-1 could be reduced to the RBMtube (dt=0.64 nm), 
however, this peak shows the blinking effect. Since the RBMtube at 186 cm-1 does not 
show the fluctuation of the intensity, the peak at 350 cm-1 can be ascribed to 
RBMcap rather than RBMtube. Assuming that the RBMcap of the tube with dt=1.22 nm 
shows the peak at 350 cm-1, the reciprocal dependence of RBMcap on tube diameter 
should be despaired. As already discussed in Chapter 6, RBMcap frequency is 
sensitive to the cap structures, however, the diameter of tube part seems not to be 
the main factor. The structure of the higher fullerene or much spherical structure 
Fig. 7.6: SERS spectra of SG-SWCNTs at (a) 100-1200 cm-1 and (b) 1000-1900 
cm-1 region. The non-SERS spectra are also shown in the bottom of each 
spectrum for comparison. The bars indicate the calculated Raman frequencies of 
graphite (top) [89], SW defect (middle) [116], and the SWCNT-IMJs (bottom) 
[116]. The Raman frequencies of SWCNT-IMJs at 200-1200 cm-1 are not shown 
because there is no notification in the literature [116]. The dotted lines, the 
arrow, and the asterisks indicate the localized modes on heptagons, RBMtube, 
and the unassignable peaks, respectively.  
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constructed with additional pentagons and heptagons [41], should be taken into 
account for CNTs having much larger diameter than C60. Further investigation of 
RBMcap is expected. 
The SERS spectra of SG-SWCNTs show several sharp peaks at 700-1000 cm-1. 
The other SWCNTs also show the SERS signals around this region, however, 
SG-SWCNTs shows much intense peaks than the others except for the peak around 
830 cm-1. So far, we could not assign these peaks with the model structure shown in 
Chapter 6. It should be noted that the SERS peaks at 721, 835, and 967 cm-1 
observed in SG-SWCNTs show some analogy to those observed in asSWCNHs at 760, 
820, and 980 cm-1. Missing defective structures, which should have in common 
with SG-SWCNTs and asSWCNHs, may contribute to these peaks. 
SERS spectra of DWCNTs show the tendency similar to those observed in 
LA-SWCNTs. It can be categorized by two types of SERS spectra: (1) probing high 
crystallinity region (Fig. 7.7) and (2) probing defective region of DWCNTs (Fig. 7.8). 
Fig. 7.7: SERS spectra of DWCNTs, probing high crystallinity part. The 
non-SERS spectra are also shown in the bottom of each spectrum for 
comparison. 
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Here again, the narrowing of G+-band (44% decrease of FWHM for the SERS spectra) 
was observed, indicating the probing of the high crystallinity part on DWCNT 
surface.  
RBMtube for DWCNTs is complicated. Since a DWCNT is consisted of two SWCNTs, 
two RBMtubes, which frequencies should be separated for δω=-αdi/{dout(dout-di)}1, 
are observed. If two SWCNTs are in resonance with the incident light, two RBMtubes 
could be observed on one Raman spectrum at the same time. For the non-SERS 
spectrum, two peaks at 159 and 314 cm-1, which corresponds to 1.56 and 0.79 nm,  
1δω , α , di, dout indicate frequency difference between inner and outer tubes, coefficient, 
diameter difference between inner and outer tube (0.72-0.8 nm [27, 28]), and diameter of outer 
tube, respectively.  
Fig. 7.8: SERS spectra of DWCNTs, probing defective part. (a) 100-1200 cm-1 and 
(b) 1000-1900 cm-1 region. The non-SERS spectra are also shown in the bottom 
of each spectrum for comparison. The bars indicate the calculated Raman 
frequencies of graphite (top) [89], SW defect (middle) [116], and the SWCNT-IMJs 
(bottom) [116]. The Raman frequencies of SWCNT-IMJs at 200-1200 cm-1 are not 
shown because there is no notification in the literature [116]. The dotted lines 
indicate the localized modes on heptagons. 
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respectively, could be the candidate for the outer and inner tubes. However, the 
peak at 159 cm-1 is missing in the two SERS spectra (bottom and middle), indicating 
that this peak cannot simply be assigned to the outer tube for the SWCNT with the 
diameter of 0.79 nm.  
The SERS spectra (top) make things much more difficult. Though the SERS 
spectra were measured at the same point of the silver surface, the SERS spectrum 
(top) shows the peak at 159 cm-1. Furthermore, the most intense peak observed in 
two SERS spectra (bottom and middle) show the narrowing of the peak. Since the 
inner tube could be shielded by the outer tube, the inner tube could have less 
defective structures, resulting in the narrowing of FWHM. On the other hand, the 
SERS spectrum (top) does not show the narrowing effect, and it seems to be 
Fig. 7.9: SERS spectra of MWCNTs at (a) 100-1200 cm-1 and (b) 1000-1900 cm-1
region. The non-SERS spectra are also shown in the bottom of each spectrum for 
comparison. The bars indicate the calculated Raman frequencies of graphite 
(top) [89], SW defect (middle) [116], and the SWCNT-IMJs (bottom) [116]. The 
Raman frequencies of SWCNT-IMJs at 200-1200 cm-1 are not shown because 
there is no notification in the literature [116]. The dotted lines indicate the 
localized modes on heptagons. 
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identical to the non-SERS spectrum. We could not find any clear answer for this 
phenomenon at the moment. In order to elucidate the extraordinary results for the 
RBMcaps of DWCNTs, we need much more information about the physical properties 
of DWCNTs. It should be noted that not only the G+-bands but also of RBMtubes 
show the narrowing of FWHM. This result is different from that of LA-SWCNTs. The 
presence of the outer or inner tubes may affect the narrowing behavior of each 
SWCNT consisting a DWCNT. 
The SERS spectra of DWCNTs from the defective part are shown in Fig. 7.8. The 
localized modes on heptagons were observed. The weak SERS signals, which could 
be assigned to RBMcap, were also observed around 400-500 cm-1. There are much 
more SERS signals than SWCNT samples and asSWCNHs around 500-600 cm-1. 
Each peak is centered at 503, 526, 535, 550 cm-1. The unassigned SERS peaks 
observed in the other samples were also observed in DWCNTs around 700-1000 
cm-1. In addition to these peaks, further weak signals were observed for DWCNTs.  
When it comes to the SERS spectra of MWCNTs (Fig. 7.9), the heptagon-derived 
modes were clearly observed in the SERS spectra of MWCNTs. The defective 
structures can also be confirmed by TEM images (Fig. 7.10). The corrugated 
nanotube walls are frequently observed in this sample. However, there are too many 
SERS signals to assign solely by the model used in this study [116]. In order to 
elucidate unassignable peaks, vibrational properties of intertube defects [37, 38, 
Fig. 7.10: TEM images of MWCNTs. Some tube-wall corrugation can be found in 
the images. Much more defective walls are clearly seen at the edge region (right).
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146] and the finite size nanotubes [147] should be taken into account for DWCNTs 
and MWCNTs.  
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Chapter 8 
 
General Conclusion 
 
We had paid attention to the defects on hexagonal arrangement of carbon atoms. 
The non-hexagonal structures could be classified into defects, which is called 
topological defects. Bent tubes, neck-like tubes, or cap structures could be 
constructed with the presence of pentagonal or heptagonal arrangements. The 
unique carbon arrangement known as Stone-Wales defect (SW defect) is also a 
candidate of topological defects. We had tried to probe these topological defects by 
specific Raman spectroscopic technique known as surface-enhanced Raman 
scattering (SERS).  
In Chapter 5, presence of the cap structures for single-wall carbon nanotubes 
produced by super growth method (SG-SWCNTs) was examined. The experimental 
results were compared with that of the well-bundled SWCNTs. Analysis of the N2 
adsorption isotherms on SG-SWCNTs revealed the presence of the cap structures. 
The geometrical surface areas and pore volumes of the ideal SWCNTs were 
determined. The dependence of the surface area and pore volume on the number of 
the tubes consisting the bundle was also examined. The obtained results of the 
specific surface areas and the pore volumes for both the cap-ended and the cap-free 
SG-SWCNTs showed good agreement with those for ideal free-standing structures, 
indicating the less bundled structures. Annealing effects on Raman spectra were 
also discussed. The diameter sensitive vibrational mode known as radial breathing 
mode {RBM} for the annealed samples supports the results obtained by the analysis 
of N2 adsorption isotherms. The number of SWCNTs conisisting a bundle was 
estimated to be 1 to 4, implying the less assemble structure of SG-SWCNTs. 
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In Chapter 6, SERS spectra of single-wall carbon nanohorns (SWCNHs) were 
examined. We found that the many fine signals were observed in the SERS spectra. 
The SERS signals were associated with the defective structures observed in the TEM 
images of SWCNHs. Some of the SERS signals could be assigned to the vibrational 
modes of the topological defects. The characteristic signals 1100-1200 cm-1 were 
observed, indicating the presence of SW defects. The cap-derived vibrational modes 
were also discussed. Our calculation suggested that the cap mode was sensitive to 
its cap structure. Further geometrical arrangements on the caps should be taken 
into account, however, some of the SERS peaks could be associated with the simple 
C60-like structures. Though, the heptagon-derived vibrational modes were observed, 
the pentagon-derived modes were absent in the SERS spectra. The mode-selective 
enhancement may indicate the charge transfer mechanism of SERS, however, 
further investigation is required for clarifying the SERS mechanism.  
In Chapter 7, SERS spectra of carbon nanotubes were examined. We found that 
the SERS spectra were sensitive to the local crystallinity on the nanotube sample. 
The spectral features for the high crystallinity parts and the defective parts were 
discussed. The SERS spectra of nanotubes exhibiting fine SERS signals show some 
good accordance with that of SWCNHs, indicating the presence of the topological 
defects. Even for the highly crystallized samples, the SERS spectra depend on the 
place where the laser is focused on. It indicates that SERS could be applied to 
evaluate the local crystallinity distribution of SWCNT samples. The multi-wall 
carbon nanotubes show much more complicated SERS spectra. Some of the SERS 
signals could be assigned to the topological defects, however, most of the peaks are 
still under investigation. The assignment of these peaks are our future challenges. 
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Appendix 1 
 
One possible method to control bundle structure of SWCNTs may be achieved by a 
process removing solvent of SWCNT-dispersed solution. The brief preparation 
method is described below: 
 
1. AsSG-SWCNTs were added in toluene (or methanol), then the solution was 
sonicated for x hours (x=6 or 12). 
2. The asSG-SWCNT-dispersed solution was just left for y hours (y=0 or 24). 
3. The solution was filtered, and dried at 423 K under 2 kPa for 24 hours.   
 
 
Sonication time (x) Aging time (y) 
Solvent 
h h 
Notation 
 6  0 TOL (6, 0) 
12  0 TOL (12, 0) Toluene 
12 24 TOL (12, 24) 
 6  0 MeOH (6, 0) 
12  0 MeOH (12, 0) Methanol 
12 24 MeOH (12, 24) 
 
The notations of the prepared samples are given in Table A1-1.  
N2 adsorption isotherms at 77 K were measured with a volumetric apparatus 
(Quantachrome) after pretreatment at 423 K and 1 mPa for 2 hours. All experiments 
were conducted by Mr. Yamamoto who was the member of Prof. Kaneko’s 
laboratory.  
Fig. A1-1 shows the N2 adsorption isotherms at 77 K on the prepared samples. The  
Table A1-1: Preparation conditions and notations. 
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Fig. A1-1: N2 adsorption isotherms on the prepared SG-SWCNT samples at 77 K. 
Closed and opened symbols indicate adsorption and desorption branches, 
respectively.  
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desorption isotherm of TOL (12, 24) was not measured, so that it is not shown in Fig. 
A1-1. The hysteresis loops are obvious for TOL (12, 0), and methanol-treated 
samples, indicating the presence of the mesopores. It implies some unique 
entangled structures of the SG-SWCNTs.  
Fig. A1-2 shows the αS plots for the prepared samples. Since the hysteresis 
curves were observed in the desorption branches of both toluene- and 
methanol-treated samples, characteristic αS curves related to mesopores could be 
obtained at 1 < αS region. The obtained αS curves are likely to be composed by the 
mixture of micropores (c-swing) and mesopores. It could be deduced the presence of 
the void space having the size around 2 nm (maximum value for the definition of 
micropore and minimum value for that of mesopore) with much larger mesopores. 
This may be the reason of the ambiguous up-shifts of the adsorbed amount around 
αS=1. In this context, it is difficult to evaluate external surface areas and micropore 
volumes by αS analysis for these samples. The total surface areas obtained by αS 
analysis and the specific surface areas estimated by BET analysis are shown in 
Table A1-2. 
Fig. A1-3 shows the DR plots for the prepared samples. As discussed in Chapter 5, 
DR analysis does not give the correct micropore volumes for asSG-SWCNT sample. 
However, it could reflect the aggregation structures of nanotubes. The estimated 
micropore volumes are shown in Table A1-2. Except for TOL (6, 0), the estimated 
micropore volumes roughly show the identical value (0.271 cm3 g-1 on average). The 
salvation effect is not obvious for the cases of toluene and methanol, however, the  
Fig. A1-2: α S plots of (a) toluene-treated samples and (b) methanol-treated 
samples. Open circles, triangles, and squares indicate the preparation conditions 
given by (x, y) = (6, 0), (12, 0), and (12, 24), respectively. The solid lines were used 
for evaluation of the total surface areas shown in Table A1-2.  
(a) (b) 
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BET specific 
surface area 
Total surface area 
(αS) 
Micropore 
volume (DR) Sample 
m2 g-1 m2 g-1 cm3 g-1 
TOL (6, 0) 1290 1080 0.405 
TOL (12, 0) 680 560 0.239 
TOL (12, 24) 830 710 0.290 
MeOH (6, 0) 740 660 0.262 
MeOH (12, 0) 810 740 0.285 
MeOH (12, 24) 780 730 0.280 
 
 
 
 
 
 
 
 
 
 
 
 
Table A1-2: The pore structure parameters obtained by BET, αS, 
and DR analyses. 
Fig. A1-3: DR plots of (a) toluene-treated samples and (b) methanol-treated 
samples. Open circles, triangles, and squares indicate the preparation 
conditions given by (x, y) = (6, 0), (12, 0), and (12, 24), respectively. The solid 
lines were used for evaluation of micropore volumes shown in Table A1-2.  
(a) (b) 
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remarkable decreases of surface areas and micropore volumes from those of 
asSG-SWCNTs are obtained in both cases. It may indicate that SG-SWCNTs are 
rearranged those aggregation structures through the dispersion and succeeding 
filtration and drying processes into much entangled and having less surface regions 
where N2 molecules are easily accessible. For TOL (6, 0), the micropore volume 
shows 0.405 cm3 g-1. This value is close to that of asSG-SWCNTs (0.487 cm-1 g-1 
obtained by DR analysis). Since the specific surface areas obtained by both BET 
(1290 m2 g-1) and αS (1080 m2 g-1) analyses for TOL (6, 0) show good agreement 
with those of asSG-SWCNTs (1200 and 1220 m2 g-1 for BET and αS analyses, 
respectively), the bundle structures of TOL (6, 0) may be similar to that of 
asSG-SWCNTs.  
It is still ambiguous to conclude the effect of the solvent used and the effect of the 
aging time at the moment. It should be noted that a threshold of sonication time 
seems to be between 6 to 12 hours, because the 12 h-sonicated samples show much 
obvious hysteresis loops than that of the 6 h-sonicated samples. 
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Appendix 2 
 
The vibrational frequencies (IR and Raman) for the azupyrene (SW defect like 
structure) are shown in the following figure. The frequency was calculated by using 
Gaussian package (Gaussian 03W) [93]. Density functional theory (DFT) method 
was carried out with B3LYP/6-31+G (d, p) for geometry optimization and frequency 
calculation. Some characteristic modes are highlighted in the Raman spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IR-spectrum 
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Raman-spectrum 
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